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ABSTRACT 
Soluble wheat protein (SWP), a product of the deamidation of gluten aggregated at 
room temperature when hydrated, through hydrophobic interactions. The aggregates 
were broken on heating to 60°C although for concentrations greater than 16% (w/v) 
dispersions, higher temperatures of 90°C resulted in an increase in viscosity and an 
increase in network formation. The addition of 2% NaCl to SWP at room temperature 
caused a decrease in viscosity which was proposed to be due to the formation of a 
diffuse double layer and also to an increase in the dielectric constant of the medium. 
Although SWP does not gel below 100°C, reduction of the disulphide bonds with f3- 
mercaptoethanol gelled SWP at room temperature. Gelation of SWP was also induced 
with basic proteins such as lysozyme and clupeine at temperatures lower than required 
to gel it on its own which was proposed to be electrostatic between the positively 
charged lysozyme and clupeine residues and the negatively charged residues in SWP. 
SWP interacted with whey protein isolate (WPI) through both an indirect and a direct 
mechanism. In the indirect mechanism, WPI scavenged sodium salts associated with 
SWP to induce its own gelation. In the direct mechanism, disulphide bonds are thought 
to form between WPI and SWP. The SWP/WPI gels formed were most likely to be 
phase separated gels made up of viscous SWP sol trapped in WPI gel network. 
The mechanism of SWP - BSA interaction was considered to be electrostatic, between 
SWP carboxyl groups and basic groups on BSA and hydrophobic interaction between 
exposed hydrophobic residues. Although SWP did not form a gel at 90°C, it enhanced 
the gelation of BSA when added in small quantities. 
SWP was found to bind metals (iron, copper, zinc and cadmium) with a very high 
affinity for cadmium, therefore, has a potential as a detoxifying agent. 
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OBJECTIVE 
The aim of this project was to elucidate the mechanism of interaction of deamidated 
soluble wheat protein (SWP) with whey protein isolate (WPI), bovine serum albumin 
(BSA) and lysozyme. 
The objectives for the study were: 
" to cause SWP to gel below 100°C, 
" to elucidate the secondary structure of gliadin and deamidated gliadin by 
physicochemical techniques and computer modelling in order to understand the 
effect of deamidation on the structure and function of gliadin and how they interact 
with other proteins, 
" to study the effect of SWP on the gelation of WPI and BSA, 
" to study the interaction between SWP and metals (iron, copper, zinc and cadmium), 
" to predict the tertiary structure of gliadin and deamidated gliadin, the mechanism of 
aggregation and the mode of interaction with other proteins in the formation of a gel. 
" To provide from this study a basis of knowledge to improve, predict and control the 
behaviour of SWP in complex food systems. 
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CHAPTER 1 
1.0 PROTEINS 
1.1 Protein structure 
1.1.1 Primary Structure 
The primary structure of a segment of a polypeptide chain or of a protein is the amino-acid 
sequence of the polypeptide chain(s), without regard to spatial arrangement (apart from 
configuration at the a-carbon atom). This definition does not include the positions of 
disulphide bonds, and is, therefore, not identical with "covalent structure" (IUPAC-IUB, 
1970). The commonly occurring amino acids are of 20 different kinds which contain the 
same dipolar ion group H3N-CH-000-. They all have in common a central carbon atom to 
which are attached a hydrogen atom, an amino group (NH2) and a carboxyl group 
(COOH). The central carbon atom is called the Ca-atom and is a chiral centre. All amino 
acids found in proteins encoded by the genome have the L-configuration at this chiral 
centre. 
(Amino group) 
H2N 
*ýý 
CaH (alpha-carbon) 
R 
(Side chain) 
(Carboxyl group) 
This configuration can be remembered as the CORN law. Imagine looking along the H-Ca 
bond with the H atom closest to you (next page). 
1 
, CO' group 
H* 
Calpha 
'N' 
group 
ý'R' group 
When read clockwise, the groups attached to the C, spell the word CORN (Richardson, 
1981). There are 20 side chains found in proteins encoded by the genetic machinery of the 
cell. The side chains confer important properties on a protein such as the ability to bind 
ligands and catalyse biochemical reactions. They also direct the folding of the nascent 
polypeptide and stabilise its final conformation. In molecular graphics, atoms can be 
represented in different ways. For expedience, molecules are often displayed only as lines 
or vectors between the atoms bonded together covalently. An elegant representation is the 
ball-and-stick type in which atoms are drawn as coloured spheres and their bonds as rod- 
like connections. Another useful display is the space-filling representation in which a 
surface is drawn around the atoms to indicate their van der Waals radii. This surface can 
be drawn as a series of dots or as a solid entity (Lesk, 1991). Amino acids in proteins 
(or polypeptides) are joined together by peptide bonds. The sequence of R-groups along 
the chain is called the primary structure. 
RH 
O2 
NH2 
ii 
/C CH N 
COOH 
CH NC/ CH 
R1 HO R3 
Peptide bonds 
2 
1.1.2 The Peptide bond 
Pauling et al. (1951) analysed the geometry and dimensions of the peptide bonds in the 
crystal structures of molecules containing either one or a few peptide bonds. Their results 
are summarised in the diagram below where the consensus bond lengths are shown in 
Angstrom units. Bond angles in degrees are also shown for the peptide N and C atoms. It 
should be noted that the C-N bond length of the peptide is 10% shorter than that found in 
usual C-N amine bonds (Schulz and Schirmer, 1990; Creighton, 1993). 
HR0 
1 24 
C125 
121 
1.47 
C 
1,53 
123 
24 14 1.3 
C 
114 
D123 
HRH 
This is because the peptide bond has some double bond character (40%) due to resonance 
which occurs with amides. The two canonical structures are: 
o- 
: 
ii 
ý_lip N 
j 
As a consequence of this resonance all peptide bonds in protein structures are found to be 
almost planar, i. e. atoms Ca(i), C(i), O(i), N(i+l) and Ca(i+1) are approximately co-planar. 
This rigidity of the peptide bond reduces the degrees of freedom of the polypeptide during 
folding. The peptide bond nearly always has the trans configuration since it is more 
3 
favourable than cis, which is sometimes found to occur with proline (Pro) residues (Schulz 
and Schirmer, 1990). 
H 
CaI 
C trans c Iýa 
1 
0 
Ca 
I 
cis 
H 
O 
Ca Proline 
omega 
O 
As can be seen from the previous page, steric hindrance between the functional groups 
attached to the Ca atoms will be greater in the cis configuration. However, for proline 
residues, the cyclic nature of the side chain means that both cis and trans configurations 
have more equivalent energies. Thus proline is found in the cis configuration more 
frequently than the other amino acids. 
1.1.3 Properties of amino acids 
The sequence and properties of side chains determine all that is unique about a particular 
protein, including its biological function and its specific three-dimensional structure. 
Histidine (His) is the only side chain that titrates near physiological pH, making it 
especially useful for enzymatic reactions. Lysine (Lys) and arginine (Arg) are normally 
positively charged and aspartate (Asp) and glutamate (Glu) are negatively charged. These 
charges are very seldom buried in protein interiors except when they are serving some 
special purpose, as in the activity and activation of chymotrypsin (Blow et al., 1969; 
Wright, 1973). Asparagine (Asn) and glutamine (Gln) have interesting hydrogen-bonding 
properties, since they resemble the backbone peptides. The hydrophobic residues provide 
a very strong driving force for folding, through the indirect effect of their ceasing to 
disrupt the water structure once they are buried (Kauzmann, 1959). They also, however, 
4 
affect the structure in a highly specific manner because their varied sizes and shapes fit 
together in very efficient packing (Lee and Richards, 1971). 
Proline has stronger stereochemical constraints than any other residue, with only one 
instead of two variable backbone angles, and it lacks the normal backbone NH for 
hydrogen bonding. It is both disruptive to regular secondary structure and also good at 
forming turns in the polypeptide chain, so that in spite of its hydrophobicity it is usually 
found at the edge of the protein (Richardson, 1981). 
Glycine (Gly) has three different unique capabilities. As the smallest side group (only a 
hydrogen), it is often found where main chains approach each other very closely. In 
addition Gly can assume conformations normally restricted by close contacts of the 
ß-carbon and finally it is more flexible than other residues, thus contributing to parts of the 
backbone that need to move or hinge (Richardson, 1981). 
Serine (Ser) and threonine (Thr) carry aliphatic hydroxyl groups capable of forming 
hydrogen bonds with suitable donor or acceptor groups, such as the imino nitrogen or the 
carbonyl oxygen of the main polypeptide chain. Serine reacts with phosphate by an ester 
bond, forms part of the catalytic site of many hydrolytic enzymes (Dickerson and Geis, 
1969) and contributes to the lining of ion channels. Serine, threonine, and asparagine are 
also the binding sites of carbohydrates that are attached to the surface of many proteins. 
Carbohydrates bound to serine and threonine form 0-glycosidic bonds and those linked to 
asparagine form N-glycosidic bonds (Perutz, 1992). 
Cysteine (Cys) carries the highly reactive sulphydryl group. This does not ionise at 
physiological pH nor form hydrogen bonds of significant strength, but two cysteines 
placed some distance apart along a polypeptide chain, or forming part of different chains, 
can be joined by oxidation to form the disulphide bridge of cystine which plays an 
important part in stabilizing protein structures. Disulphide bonds increase the 
5 
conformational stability mainly by constraining the unfolded conformations of the protein 
and thereby decreasing their conformational entropy (Pace, 1990). Cysteines also bind 
zinc, copper, and iron ions. The sulphur atom in methionine is unreactive and generally 
serves no function other than imposing a special configuration on the aliphatic sidechain, 
but in cytochrome c it forms the link between the protein and the heure iron (Olson, 1992). 
1.1.4. Protein structure determination 
In terms of the accuracy of protein structure determinations, all of the bond lengths are 
invariant. Bond angles are also essentially invariant, except perhaps for z, the backbone N- 
Ca, -C angle. The a-carbon is tetrahedral, which would give 110°, but there are indications 
from accurately refined protein structures (Deisenhofer and Steigemann, 1975; 
Watenpaugh et al., 1979) that 'c can sometimes stretch to larger values in order to 
accommodate other strains in the structure. The dihedral angle () at the peptide is very 
close to 1800 (producing a trans, planar peptide with the neighbouring a-carbons and the 
N, H) C, and 0 between them all lying in one plane). The remaining dihedral angles are the 
source of essentially all the interesting variability in protein conformation. The backbone 
dihedral angles are 4) and . in sequence order on either side of the a-carbon, so that 4) is 
the dihedral angle around the N-Ca bond and y around the Ca-C bond. The side chain 
dihedral angles are xi, X2, etc. An extremely useful device for studying protein 
conformation is the Ramachandran plot (Ramachandran et al., 1963) which plots 4) and w. 
The values of 4) and y that are possible are constrained geometrically due to steric clashes 
between non-neighboring atoms. The permitted values of 4) and i are indicated on a two- 
dimensional map of the 4) - yi plane (Branden and Tooze, 1991). 
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1.1.5. Secondary Structure 
The secondary structure of a segment of polypeptide chain is the local spatial arrangement of 
its main-chain atoms without regard to the conformation of its side chains or to its relationship 
with other segments (IUPAC-IUB, 1970). There are three common secondary structures in 
proteins, namely a helices, ß sheets and turns. That which cannot be classified as one of 
the standard three classes is usually grouped into a category called "other" or "random 
coil". This last designation is unfortunate as no portion of protein three dimensional 
structure is truly random and it is not a coil either. Regular secondary structure 
conformations in segments of a polypeptide chain occur when all the 4 bond angles in that 
polypeptide segment are equal to each other, and all the yf bond angles are equal. The 
rotational angles for 4 and w bonds for common regular secondary structures are shown in 
Table 1.0. 
7 
Structure ¢, n p(A) A H-bond(CO, HN) 
Right-handed a helix -57 -47 3.6 5.4 13 i, i+2 
[3.613helix] 
31o-helix -74 -4 3.0 6.0 10 i, i+3 
pi-helix 
Parallel 0 strand 
Antiparallel Ostrand 
-57 -70 4.4 5.0 16 
-119 113 2.0 6.4 
-139 135 2.0 6.8 
i, i+4 
I able 1.0: Parameters of Regular Secondary Structures. n is the number of residues per 
helical turn, p is the helical pitch, and A is the atoms in H-bonded loop. 
The a-helix and ß-structure conformations for polypeptide chains are generally the most 
thermodynamically stable of the regular secondary structures. However, particular amino 
acid sequences of a primary structure in a protein may support regular conformations of 
the polypeptide chain other than a-helical or ß-structure. Thus, whereas a-helical or 0- 
structure are found most commonly, the actual conformation is dependent on the 
particular physical properties generated by the sequence present in the polypeptide chain 
and the solution conditions in which the protein is dissolved. In addition, in most proteins 
there are significant regions of unordered structure in which the 4 and V angles are not 
equal. A large proportion of (85%) of helices are distorted in some way i. e. radius of 
curvature greater than 90A and deviation of axis from straight line is equal to or greater 
than 0.25Ä. These may be due to a number of reasons: 
" CO groups form hydrogen bonds with NH groups 3 residues along the chain forming a 
3 10 helix. A substantial amount of all 3 10 helices occur at the ends of a-helices. They 
are called 310 because there are 3 residues per turn and 10 atoms enclosed in a ring 
formed by each hydrogen bond. Dipoles are not aligned as in a normal right-handed a- 
helix. 
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Packing of buried helices against other secondary structural elements in the core of a 
protein can lead to distortions since the side chains are on the surface of helices. 
" Proline residues induce distortions of around 20° in the direction of a helix. This is 
because proline cannot form a regular a-helix due to steric hindrance arising from its 
cyclic sidechain which blocks the main chain NH group. Proline causes 2 hydrogen 
bonds in the helix to be broken. Helices containing proline are usually long because 
shorter helices would be destabilized. 
" Exposed helices are often bent away from the solvent. This is because the exposed 
C=O groups tend to point towards solvent to maximize their hydrogen bonding 
capacity i. e tend to form hydrogen-bonds to solvent as well as N-H groups. This gives 
rise to a bend in the helix axis. 
" The pi helix is an extremely rare secondary structural element in proteins. Like the 310 
helix, one turn of pi helix is sometimes found at the ends of regular alpha helices. The 
infrequency of this particular form of secondary structure stems from the following 
properties: (i) the phi and psi angles of the pure pi helix (-57.1, -69.7) lie at the very 
edge of an allowed minimum energy region of the Ramachandran map, (ii) the pi helix 
requires that the angle tau (N-Ca-C') be larger (114.9) than the standard tetrahedral 
angle of 109.5degrees, (iii) the large radius of the pi helix means the polypeptide 
backbone is no longer in van der Waals contact across the helical axis forming an axial 
hole too small for solvent water to fill, and (iv) side chains are more staggered than the 
ideal 310 helix but not as well as the alpha helix (Low and Grenville-Wells, 1953; 
Schulz and Schirmer, 1990). 
9 
alpha }usl ix 3 . io helix 
4 
. 
ýY 
A6ý 
`; r 
Figure 1.1: Three regular polypeptide helices with the N-terminus at the bottom(lower). 
The Structures were produced using the RasMQ! Program (Sayle and Bissell, 1993) 
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Besides the a. -helix, ß-sheets are another major structural element in globular proteins 
containing 20-28% of all residues (Kabsch and Sander, 1983; Creighton, 1993). The basic 
unit of a ß-sheet is a beta strand (which can be thought of as a helix with n=2 
residues/turn) with approximate backbone dihedral angles phi = -120 and psi = +120 
producing a translation of 3.2 to 3.4 A/ residue for residues in antiparallel and parallel 
strands, respectively. The beta strand is then like the alpha-helix, a repeating secondary 
structure. However, since there are no intra-segment hydrogen bonds and van der Waals 
interactions between atoms of neighbouring residues are not significant due to the 
extended nature of the chain, this extended conformation is only stable as part of a ß-sheet 
where contributions from hydrogen bonds and van der Waals interactions between aligned 
strands exert a stabilizing influence. The ß-sheet is sometimes called the beta pleated sheet 
since sequential neighbouring Ca atoms are alternately above and below the plane of the 
sheet giving a pleated appearance. ß-sheets are found in two forms designated as 
"Antiparallel" or "Parallel" based on the relative directions of two interacting beta strand. 
(Figure 1.2). Like a. -helices, ß-sheets have the potential for amphiphilicity with one face 
polar and the other apolar. However, unlike ct-helices which are composed of residues 
from a continuous polypeptide segment (i. e., hydrogen bonds between CO of residue I and 
NH of residue 1+3), , 
ß-sheets are formed from strands that are very often from distant 
portions of the polypeptide sequence. Hydrogen bonds in ß-sheets are on average 0.1 A 
shorter than those found in a-helices (Baker and Hubbard, 1984). The classical ß-sheets 
originally proposed are planar but most sheets observed in globular proteins are twisted (0 
to 30 degrees per residue, figure 1.3A). Antiparallel ß-sheets are more often twisted than 
parallel sheets. Another irregularity found in antiparallel ß-sheets is the hydrogen-bonding 
of two residues from one strand with one residue from another called a beta bulge (Figure 
1.3B). Bulges are most often found in antiparallel sheets with -5% of bulges occurring in 
parallel strands (Richardson, 1981). 
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Turns are the third of the three "classical" secondary structures that serve to reverse the 
direction of the polypeptide chain. They are located primarily on the protein surface and 
accordingly contain polar and charged residues. Antibody recognition, phosphorylation, 
glycosylation, and hydroxylation sites are found frequently at or adjacent to turns. Turns 
were first recognised from a theoretical conformational analysis by Venkatachalam (1968). 
He considered what conformations were available to a system of three linked peptide units 
(or four successive residues) that could be stabilised by a backbone hydrogen bond 
between the CO of residue n and the NH of residue n+3. He found three general types, 
one of which (type III) actually has repeating c, r values of -60°, -300 and is identical with 
the 3, o-helix. The three types each contain a hydrogen bond between the carbonyl oxygen 
of residue i and the amide nitrogen of i+3. These three types of turns are designated I, II, 
and III. Many have speculated on the role of this type of secondary structure in globular 
proteins. Perhaps the two extremes can be classified as passivists and activists. The 
passivists view turns as a weak link in the polypeptide chain, allowing the other secondary 
structures (helix and sheet) to determine the conformational outcome. The activists, 
(encouraged by the recent experimental finding of "turn-like" structures in short peptides 
in aqueous solutions (Dyson et a!., 1988)) view turns as structure-nucleating segments, 
formed early in the folding process. Type I turns occur most frequently (2-3 times more 
frequently than type II). There are position dependent amino acid preferences for residues 
in turn conformations. Type I can tolerate all residues in position i to i+3 with the 
exception of Pro at position i+2. Proline is favoured at position i+I and Gly is favoured at 
i+3 in type I and type II turns. The polar sidechains of Asn, Asp, Ser, and Cys often 
populate position i where they can hydrogen bond to the backbone NH of residue i+2. 
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Figure 1.2: Hydrogen bond patterns in 13-sheets. A four-stranded ß-sheet is drawn 
schematically which contains three antiparallel and one parallel strand. Hydrogen bonds 
are indicated with red lines (antiparallel strands) and green lines (parallel strands) 
connecting the hydrogen and receptor oxygen. 
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Figure: 1.3A and B. (A) A twisted antiparallel ß-sheet, (B) a beta-bulge. 
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1.1.6 Supersecondary structure 
Rao and Rossmann (1973) observed that there were structural components comprising a 
few u. -helices or ß-strands which were frequently repeated within structures, called 
"supersecondary structures" (being intermediate to secondary and tertiary structure) and 
suggested that these structures might be due to convergence. A variety of recurring 
structures were subsequently recognised such as the "Greek key" (Richardson, 1977). 
Some of these structural motifs can be associated with a particular function whilst others 
have no specific biological function alone but are part of larger structural and functional 
assemblies. The first comprehensive attempt to classify proteins on the basis of structural 
comparisons was due to Levitt and Chothia (1976) who used four major classifications: 
" proteins containing mostly a-helix; 
" proteins containing mostly ß-sheet; 
" proteins that contain a-helices and ß-strands in an irregular sequence, and 
" a/ß proteins with alternate segments of a-helices and ß-strands. 
The simplest motif with a specific function consists of two a-helices joined by a loop 
region. Two such motifs are (i) a motif specific for DNA binding and (ii) a motif specific 
for calcium binding and is present in parvalbumin, calmodulin, troponin-C, and other 
proteins that bind calcium and thereby regulate cellular activities. 
1.1.7 Tertiar, y structure 
The tertiary structure of a protein molecule, or of a subunit of a protein molecule, is the 
arrangement of all its atoms in space, without regard to its relationship with neighbouring 
molecules or subunits (IUPAC-IUB, 1970). As an example of a protein's tertiary 
structure, the structure of lysozyme is shown in Figure 1.4. 
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molecules or subunits (IUPAC-MB, 1970). As an example of a protein's tertiary 
structure, the structure of lysozyme is shown in Figure 1.4. 
Active site 
Figure 1.4: A ribbon diagram showing secondary structural elements superimposed on 
tertiary structure of lysozyrne. Alpha-helix = magenta; Beta sheets = yellow; Turns = blue; 
and others = white. 
1.1.8 Quaternary structure 
The quaternary structure of a protein molecule is the arrangement of its subunits in space 
and the ensemble of its intersubunit contacts and interactions, without regard to the 
internal geometry of the subunits (IUPAC-IIJB, 1970). The subunits in a quaternary 
structure must be in noncovalent association. Haemoglobin contains four polypeptide 
chains (a2ß2) held together noncovalently in a specific conformation as required for 
its function. 
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1.2 Protein Stability 
To be biologically active, proteins must adopt specific folded three-dimensional, tertiary 
structures. Yet the genetic information for the protein specifies only the primary structure, 
that is the linear sequence of amino acids in the polypeptide backbone. Many purified 
proteins can spontaneously refold in vitro after being completely unfolded, so the three- 
dimensional structure must be determined by the primary structure (Anfinsen, 1973). 
Different conformations of a protein differ only in the angle of rotation about the bonds of 
the backbone and amino acid side-chains. It may, therefore, appear surprising that a 
protein folds into a single unique conformation from all the possible rotational 
conformations available around single bonds in the primary structure of a protein. The 
question arises as to when a protein folds up to its native conformation, does this structure 
represent a local or a global energy minimum? When a protein folds it samples a number 
of conformations. Does the structure which results from the folding depend on its stability 
or on the energy barriers encountered by the polypeptide? The polypeptide whilst folding 
may become trapped in the local energy well and cannot fold to the global energy 
minimum (kinetic hypothesis of protein folding, Wetlaufer, 1973; Wetlaufer and Ristow, 
1973). 
The native structure of the protein may correspond to a metastable state with a very long 
lifetime. If proteins are only metastable, their structures must be grossly different from the 
most stable one. The polypeptide may adopt a structure corresponding to the global 
minimum. This means the final structure does not depend on the size of the energy barriers 
(thermodynamic hypothesis of protein folding, Epstein et al., 1963). Anfinson's work on 
ribonuclease provided some evidence for the thermodynamic hypothesis (Haber and 
Anfinsen, 1962). The initial stages of folding were considered to be nearly random. 
However, if the rest of the folding pathway was a random search, it would not be feasible 
for any protein to try out all of its conformations on a practical time scale. For example, if 
each residue of a 100 residue polypeptide had only three conformations, the total number 
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of conformations would be 3100 =5x 1047. Since conformational changes occur on the 
timescale of 10"13 seconds, the time required by the 100 residue protein to search all 
conformations would be 5x1 047x10"'3 , 1037 years. Nevertheless, proteins are observed to 
fold in 10"1 - 103 seconds both in-vivo and in-vitro (Creighton, 1993). The conclusion, 
therefore, was that proteins do not fold by sampling all possible conformations randomly 
until the one with the lowest free energy is encountered. 
This led to the idea of a biased random search resulting in faster folding since a proportion 
of the conformations would be sterically disallowed. A framework model proposed 
(Baldwin, 1989; Kim and Baldwin, 1990) that the folded structure was formed by packing 
together pre-existing individual elements of secondary structure which had significant 
stability in the unfolded protein. Another mechanism postulated the unfolded polypeptide 
chain to undergo rapid hydrophobic collapse under refolding conditions (Dili, 1985), 
perhaps to something approximating the molten globule state. Simply constraining the 
polypeptide chain to be compact might greatly increase the probability of the final folded 
conformation being encountered (Gregoret and Cohen, 1991). It became evident through 
some experiments that the equilibrium of unfolding of proteins does not always follow a 
simple two-state model in which only the native and fully unfolded states are significantly 
populated (Wong and Tanford, 1973). An intermediate compact structure known as the 
molten globule which is different from the native structure and whose formation is 
determined mainly by non-specific interactions of amino acid residues with their 
environment was presented. Specific interactions could direct the folding pathway by 
stabilizing folded conformations. The best studied example is bovine pancreatic trypsin 
inhibitor (Creighton, 1978). For this protein it was shown that formation of a disulphide 
bridge stabilizes secondary structure elements, and the protein refolds by a specific 
pathway of disulphide bond formation and rearrangement (Directed folding model). Since 
noncovalent forces act on the primary structure to cause a protein to fold into a unique 
conformational structure and then stabilize the native structure against denaturation 
processes, it is of importance to understand the properties of these forces. 
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1.3 Non-covalent Forces 
Non-covalent forces are weak forces of bonding strength of 1-7kcal mol"1 (4-29kJ mol"1) 
as compared to the strength of covalent bonds which have a bonding strength of at least 
50 kcal mol"'. The non-covalent bonding forces are just higher than the average kinetic 
energy of molecules at 37°C (0.6 kcal mol"1). Apart from their involvement in the 
stabilization of molecules, they contribute to the ability of molecules to undergo changes 
in conformation and interact with each other. Since a major part of this project involves a 
study of interactions, an explanation of the forces involved is crucial for an understanding 
of the mechanisms at the molecular level. The major forces and interactions are: 
" Ion - Ion forces, for example those involving; NaCl or MgS04; 
" Ion - Dipole forces, for example those between NaCl and H2O; 
" van der Waals interactions including; 
(a) Dipole - Dipole, such as the hydrogen bond; 
(b) Dipole - Induced Dipole, for example: H20+12 and 
(c) Dispersion forces including 
Induced Dipole - Induced Dipole, for example between two aliphatic hydrogens. 
" Electrostatic interaction or salt bridge between charged residues and 
" Hydrophobic forces between nonpolar residues. 
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Table 1.1: Bond strength for typical bonds found in protein structures. 
Bond type Bond strength (kcal moil) 
Covalent bonds >50 
Noncovalent bonds 0.6 -7 
Hydrophobic forces 2-3 
Hydrogen bond 1-7 
Ionic bond 1-6 
van der Waals <1 
Average energy of kinetic motion(3 7°C) 0.6 
Ion - dipole attractions depend on; 
" the distance between the ion and the dipole thus the closer the ion and dipole are, the 
stronger the attraction; 
" the charge on the ion - the greater the ion charge, the stronger the attraction, and 
" the magnitude of the dipole - the greater the magnitude of the dipole, the stronger the 
attraction. 
Water is an excellent example of a polar molecule, a molecule with positive and negative 
electrical poles. Hydrogen bonding is a special form of dipole - dipole attraction. When H 
is attached to a very electronegative atom X, the interaction between other molecules and 
the H-X bond dipole is significantly greater than expected for ordinary dipole - dipole 
attraction. This interaction is called hydrogen bonding because it occurs only when H is 
part of one or both of the interacting dipoles. The electronegativities of N (3.0), 0 (3.5), 
and F (4.0) are among the highest of all of the elements, while that of H (2.1) is 
considerably less (Bohinski, 1987). 
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A polar water molecule can induce a dipole in non-polar 02. For the dipole to be induced 
depends on the atom's or molecule's polarizability. As the molecular mass of a molecule 
increases, either there is an increase in the number of valence electrons or the valence 
electrons are less tightly held. Therefore, the ease of polarization of the valence electron 
cloud generally increases with mass. Since a dipole is more readily induced as the 
polarizability increases, the strengths of dipole - induced dipole interactions generally 
increase with mass. Also, since the solubility of substances such as C02 or 02 depends on 
the strength of the dipole - induced dipole interaction, the solubility of non-polar 
substances in polar solvents generally increases with mass (Kotz and Purcell, 1991). 
The weakest of all intermolecular forces is between two induced dipoles. Such forces are 
often called London forces or dispersion forces. When atoms or molecules approach each 
other, each experiences the electric field provided by the other. This electric field distorts 
the charge distribution (Webster, 1990). The attraction of a molecule to its own distorted 
charge distribution creates an attractive force between the molecules even when they are a 
long distance apart. This force acts to bind the approaching atoms or molecules. Fritz 
London (1930) gave an approximate result for the attractive energy resulting from the 
interaction between two induced dipoles. The interaction energy, EL°nd°n/J, which is 
attractive for all inter-atomic, or inter-molecular distances, R/m, is expressed by the 
formula: 
E"d' = -3/2 {IAIB/(IA + IB) } [(aA aB)/(4nco)2R6 J (1) 
where IAJ and IB/J are the first ionization energies for A and B, and (ocA 4icco)/m3 and 
( a. B47tco)m3 are their polarizability volumes. ELondon is called the London dispersion 
energy. The London energy will be larger in magnitude as R decreases but the key feature 
is that it creates an attraction even at large R values. For this reason it is usually classified 
as a long-range interaction. The London dispersion force, however, is only one component 
of van der Waals forces. 
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A second component, the John Lennard-Jones potential (LJ potential), U(R)/J, is defined 
by: 
U(R) = 4e[(6 ) 12 _ (6/R) 
6] (2) 
The parameter e represents the binding energy of a van der Waals molecule at its 
equilibrium geometry. The parameter c is the value of R, the inter-atomic or inter- 
molecular distance, when U(R) = 0, other than at R= oo. From equation (2), the term R-6 , 
approximates the London dispersion energy which is attractive and this is counteracted by 
a repulsive term having an R'2 dependence. An alternative expression which approximates 
the energy, U(R)/kJmol-1, of van der Waals molecule is : 
U(R) =b exp(-aR) -d /R' (3) 
The van der Waals force is of great importance in biopolymer structure. This force has an 
attractive term dependent on the 6th. power of the distance between two interacting atoms 
and a repulsive term dependent on the 12th. power of the distance between them. The 
attractive component is due to the induction of complementary partial charges or dipoles 
in the electron density of adjacent atoms when the electron orbitals of the two atoms 
approach to a close distance whereas the repulsive component of the van der Waals force 
predominates at closer distances, when the electro orbitals of the adjacent atoms begin to 
overlap. This type of repulsion is commonly called steric hindrance. The distance of 
maximum favourable interaction between two atoms is known as the van der Waals 
contact distance, which is equal to the sum of the van der Waals radii for the two atoms. 
While a van der Waals - London dispersion interaction between any two atoms in a 
protein is usually less than 1 kcal mol-1, the total number of these weak interactions in a 
protein molecule is in the thousands. Thus the sum of the attractive and repulsive van der 
Waals - London dispersion forces are extremely important to protein folding and stability. 
The van der Waals contact distances of 2.8-4.1 A are longer than hydrogen-bond distances 
of 2.6-3.1 A, and at least twice as long as normal covalent bond distances of 1.0-1.6 A 
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between C, H, N, and 0 atoms. Although the latter bonds are shorter than the van der 
Waals contact distance, a repulsive van der Waals force must be overcome in forming 
hydrogen bonds and covalent bonds between atoms. 
The fundamental law of electrostatics namely Coulomb's law, expresses the inverse square 
law of force between two electric charges ql q2 separated by a distance R in a vacuum in 
the form: 
F= ql g2/(47cc0R2) (4) 
where ao is the permittivity of free space (vacuum). If qi and q2 have the same sign, the 
force is a repulsion; if they are of opposite sign, the force is an attraction. In the presence 
of a material medium surrounding both charges, the force is reduced by a factor Cr = s/so, 
the relative permittivity (or dielectric constant) of the medium. The work done in bringing 
two charges together from infinite separation to a distance R in a medium of permittivity c 
is, therefore, given by: R 
AW =- FdR = giq2J(4ircR) =E (5) 
00 
and measures the electrical free energy of the system relative to that at infinite separation. 
Electrostatic interactions between charged groups are of importance to particular protein 
structures, in the binding of charged ligands and substrates to proteins, interaction 
between basic and acidic proteins (see chapter 8), and repulsion between charges of the 
same sign as between SWP and sodium alginate (Friedli et al., 1995). The strength of the 
electrostatic force (E) is directly dependent on the charge (q) for each ion, and is inversely 
dependent on the dielectric constant (s) of the solvent and the distance between the 
charges (R). Water has a high dielectric constant (c =80), and ionic charge interactions in 
water are relatively weak in comparison to electrostatic interactions in the interior of a 
protein, where the dielectric constant (c = 2-40) is approximately a factor of 1: 40 to 1: 2 
that of water. Consequently, the strength of an electrostatic interaction in the interior of a 
protein, where the dielectric constant is low, may be of significant energy. However, most 
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charged groups of proteins are on the surface of the protein where they do not strongly 
interact with other charged groups from the protein or other biopoiymers due to the high 
dielectric constant of the water solvent, but are stabilized by hydrogen bonding and polar 
interactions to the water. Electrostatic interactions in water are less than those in other 
solvents because of water's high dielectric constant, which results from the tendency of 
the large dipoles of water molecules to align with any electric field. The dielectric constant 
of pure water at 25°C is 78.5 and it decreases at higher temperatures because thermal 
motion overcomes the orienting effects of the water dipoles (Creighton, 1993). This effect 
of temperature explains some of the findings in chapter 5. When small diffusible ions such 
as Na' and Cl- are present in water, the apparent dielectric constant of the solution 
increases because the ions tend to concentrate in the vicinity of charges of the opposite 
sign. Since the present project considered biopolymer interactions, most of the 
experiments were performed with water in order to avoid interference from salts. 
The strong inclination of water molecules to form hydrogen bonds with each other 
influences their interactions with non-polar molecules that are incapable of forming 
hydrogen bonds (e. g., alkanes, hydrocarbons inert atoms etc. ). When water molecules 
come in contact with such a molecule they are faced with an apparent dilemma that 
whichever way the water molecules face, it would appear that one or more of the four 
charges per molecule (ST2 model of water, named after Stillinger and Rahman, 1974) will 
have to point towards the inert solute molecule and thus be lost to hydrogen bond 
formation. Clearly the best configuration would have the least number of tetrahedral 
charges pointing towards the unaccommodating species so that the other charges can 
point towards the water phase and, therefore, participate in hydrogen bond attachments 
much as before. There are many options to salvage lost hydrogen bonds. If the non-polar 
solute molecule is not too large, it is possible for water molecules to pack around it 
without giving up any of their hydrogen-bonding sites, thus forming clathrate `cages' 
around a dissolved non-polar solute molecule. Such structures are not rigid but labile, and 
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their hydrogen bonds are not stronger than in pure water, but the water molecules forming 
these cages are more ordered than in the bulk liquid. 
It is also clear that the sizes and shapes of non-polar solute molecules are fairly critical in 
determining the water structure adopted around them. This is often referred to as 
hydrophobic solvation or hydrophobic hydration. At present there is no simple theory of 
such solute-solvent interactions. However, both theoretical and experimental studies 
indicate that the re-orientation, or re-structuring, of water around non-polar solutes or 
surfaces is entropically very unfavourable, since it disrupts the existing water structure and 
imposes a new and more ordered structure on the surrounding water molecules. This 
immiscibility of inert substances with water, and the mainly entropic nature of this 
incompatibility is known as the hydrophobic effect (Kauzmann, 1959; Tanford, 1980), and 
such substances, e. g., hydrocarbons and fluorocarbons, are known as hydrophobic 
substances. Similarly, hydrophobic surfaces are not `wetted' by water but when water 
comes into contact with such surfaces it rolls up into small lenses and subtends a large 
contact angle on them. 
Closely related to the hydrophobic effect is the hydrophobic interaction, which describes 
the unusually strong attraction between hydrophobic molecules and surfaces in water 
which are often stronger than their attraction in free space. For example, the van der 
Waals interaction energy between two contacting methane molecules in free space is 
-2.5 x 10"21 J, while in water it is -14 x 10"21 J. Because of its strength it was originally 
believed that some sort of `hydrophobic bond' was responsible for this interaction. But at 
present it is known that there is no bond associated with this mainly entropic phenomenon, 
which arises primarily from the rearrangements of hydrogen bond configurations in the 
overlapping solvation zones as two hydrophobic species come together, and which is also 
much of a longer range than any typical bond. To date there have been very few direct 
measurements of the hydrophobic interaction between dissolved non-polar molecules, 
mainly because they are so insoluble. Tucker et al. (1981) reported values of -8.4 and 
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-11.3 k7 mol-' for the free energies of dimerization of benzene-benzene and cyclohexane- 
cyclohexane, respectively, and Ben Naim et al. (1973) deduced a value of about -8.5kJ 
mol"' for two methane molecules. There is as yet no satisfactory theory of the hydrophobic 
interaction, though a number of promising theoretical approaches have been proposed 
(Dashevsky and Sarkisov, 1974; Pratt and Chandler, 1977; Marcelja et al., 1977; Pangali 
et al., 1979; Nicholson and Parsonage, 1982). Israelachvili and Pashley (1982) measured 
the hydrophobic force law between two macroscopic curved surfaces in water and found 
that in the range 0-10nm, the force decayed exponentially with distance with a decay 
length of about I nm. Based on these findings Israelachvili and Pashley proposed that for 
small solute molecules, the hydrophobic free energy of dimerization increased in 
proportion with their diameter ß according to: 
OG (hydrophobic pair potential) - -20rs kJ mol-' 
where 6 is in nanometres. 
The hydrophobic interaction plays a central role in; 
" many surface phenomena; 
" molecular self-assembly; 
" micelle formation; 
" biological membrane structure; 
" determining the conformations of proteins, and 
" in protein-protein interaction and gelation. 
While there is no phenomenon actually known as the hydrophilic effect or the hydrophilic 
interaction, such effects can be recognised in the propensity of certain molecules and 
groups to be water soluble and to repel each other strongly in water, in contrast to the 
strong attraction exhibited by hydrophobic groups. Hydrophilic (i. e., water-loving) groups 
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prefer to be in contact with water rather than with each other, and they are often 
hygroscopic (taking up water from vapour). Strongly hydrated ions and zwitterions are 
hydrophilic; but some uncharged and even non-polar molecules can be hydrophilic if they 
have the right geometry and if they contain electronegative atoms capable of associating 
with the hydrogen bond network in water, for example, the 0 atoms in alcohols and 
polyethylene oxide and the N atoms in amines. It is also important to note that a polar 
group is not necessarily hydrophilic and that a non-polar group is also not always 
hydrophobic. While hydrophobic molecules tend to increase the ordering of water 
molecules around them, hydrophilic molecules are believed to have a disordering effect. 
Certain highly polar molecules are so effective in altering or disrupting the local water 
structure that when dissolved in water they can have a drastic effect on other solute 
molecules. For example, when urea, (NH2)2C=O, is dissolved in water it can cause 
proteins to unfold. Such non-ionic but highly potent compounds are commonly referred 
to as chaotropic agents, a term that was coined to convey the idea that their disruption of 
the local water structure leads to chaos. It appears, therefore, that the hydrophilic and 
hydrophobic interactions, unlike electrostatic and dispersion interactions are inter- 
dependent and therefore not additive. Indeed, one would not expect them to be 
independent of each other, since both ultimately rely on the structure of the water 
hydrogen bonds adopted around dissolved groups. Because some of the systems studied in 
the present project were dispersions instead of solutions it is appropriate that a discussion 
on their interactions should involve long-range forces like the electric double-layer forces, 
van der Waals forces and steric polymer interactions. 
As mentioned earlier, the van der Waals force between similar particles in a medium is 
always attractive, so that if only van der Waals forces were operating, we might expect all 
dissolved particles to stick together (coagulate) immediately and precipitate out of 
solution as a mass of solid material. This normally does not happen, because particles 
suspended in water and any liquid of high dielectric constant are usually charged and can 
be prevented from coalescing by repulsive electrostatic forces. Other repulsive forces that 
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can prevent coalescence are solvation and steric forces. The charging of a surface can 
come about by the ionisation or dissociation of surface groups (e. g., the dissociation of 
protons from surface carboxylic groups [ -000H --> -COO- + Hi], which leaves behind a 
negatively charged surface). The surface charge is balanced by an equal but oppositely 
charged region of counterions, some of which are bound, usually transiently, to the surface 
within the so-called Stern or Helmholtz layer, while others form an atmosphere of ions in 
rapid thermal motion close to the surface, known as the diffuse electric double layer 
(Figure 1.5). 
DISTANCE 
Figure 1.5: A model of the electric double layer. 
The electric potential in the solution falls off exponentially with distance from the surface. 
'V = Wo exp (-kx) 
where yro is the potential at the potential determining surface and ii the potential at a 
distance x from the surface in the electrolyte solution. The quantity k is called the Debye- 
Hückel parameter. The quantity 1/k is referred to as the thickness of the double layer 
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(Sennett and Olivier, 1965; Shaw, 1986; Ross and Morrison, 1988; Everett, 1989; Hunter, 
1993; Atkins, 1994). As two charged surfaces come together, their double layers overlap 
and as a rough approximation, the electrical potentials arising from the two surfaces are 
additive. This implies an increase in the electrical contribution to the free energy of the 
system. A dispersion represents a state of higher free energy than that corresponding to 
the material in bulk. Passage to a state of lower free energy will, therefore, tend to occur 
spontaneously unless there is a substantial energy barrier preventing the elimination of the 
dispersed state (Everett, 1989). In the presence of such a barrier the system will be 
metastable and may remain in that state for a long time. On the other hand, if conditions 
are adjusted so that the energy barrier becomes negligibly small, or disappears altogether, 
then the dispersion becomes unstable and aggregate. The energy necessary to carry the 
system over the energy barrier comes from Brownian motion of the particles, which 
results from the random bombardment of the surface of the particles by molecules of the 
medium. Instability will ensue if the ratio of the energy barrier height to kT is reduced. 
This may arise in various ways. In principle, if the absolute height remained constant, then 
instability could be induced by an increase in temperature. The barrier height is also 
influenced by concentration and ionic strength (Hunter, 1993; Israelachvili, 1995). The 
double layer repulsion depends on the ionic strength of the medium as follows: 
" the curves may show a high repulsive barrier at low ionic strength; 
"a so-called secondary minimum at intermediate ionic strength, and 
"a negligibly small barrier, or none at all, at higher ionic strengths. 
The secondary minimum is of the order of a few kT, and that is where weakly bound 
aggregates (flocs) form. Although the aggregates formed at the secondary minimum are 
sufficiently stable and cannot be completely dissociated by Brownian motion, they may 
disintegrate under externally applied hydrodynamic forces, such as vigorous stirring. If the 
particles are able to overcome the primary maximum (energy barrier) and enter the 
primary minimum, then there is no turning back, the aggregates become irreversible. These 
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are some of the situations encountered in the project as the proteins interact with each 
other or with other proteins. 
1.4 Covalent Forces 
When two or more atoms come together to form a molecule, as when two hydrogen 
atoms and one oxygen atom combine to form a water molecule, the forces that tightly bind 
the atoms together within the molecule are called covalent forces, and the inter-atomic 
bonds formed are called covalent bonds. In a covalent bond electrons are shared between 
two or more atoms so that the discrete nature of the atoms is lost. Depending on the 
position an atom (or element) occupies in the periodic table, it can participate in a certain 
number of covalent bonds with other atoms. This number or stoichiometry is known as the 
atomic valency. A further characteristic of covalent bonds is their directionality, that is, 
they are directed or oriented at well-defined angles relative to each other. Covalent forces 
are short range, that is, they operate over very short distances of the order of inter-atomic 
separations (0.1 - 0.2 nm) and tend to decrease in strength with increasing bond length. 
There are two types of covalent bonds in proteins, the peptide bond (section 1.1.2) and 
the disulphide bond. 
Disulphide bonds occur between the sulphurs of two cysteine side chains. They 
predominantly occur in extracellular proteins and are part of the primary structure. Inside 
the cell the sulphydryl is maintained in a reduced state by glutathione, but extracellularly, 
in the presence of oxygen, thiols are unstable relative to S-S bridges (Fahey et al., 1977). 
Although the disulphides are part of the primary structure, it has been shown that some 
native S-S bridges are only formed once the secondary and even tertiary structure of the 
protein has been achieved (Creighton, 1978). In extracellular proteins of known sequence, 
which contain disulphides, there is rarely more than one free -SH group. Ovalbumin, with 
one S-S and four cysteines, was the only extracellular exception found (Nisbet et al., 
1981). Sulphydryls are very reactive in an extracellular environment and readily oxidise to 
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form disulphides. Consequently if a cysteine is external this may lead to disastrous 
polymerisation or make folding more complex. When the disulphide conformation of all 
the proteins in the Protein Data Bank (PDB) were examined in detail, it was found that 
they could be grouped into two major categories (Richardson, 1981): 
" The left-handed spiral conformation, with xl =-600, X2= -900, X3 = -900, X'2 = -90°, 
x' 1= -60° and 
" The right-handed hook conformation, with x1=-600, y =+1200, x3 = +900, X'2 = -500, 
X', = -60° 
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Figure 1.6: A disulphide bridge. Atom and angle nomenclature. 
A detailed analysis was done on the number of residues between half-cystines (Thornton, 
1981) and it was found that the most frequent separation is 10 to 14 residues. The shortest 
connection found was two residues and connections longer than 150 residues are rare. A 
study was carried out to find out how disulphides fit into the three-dimensional structure 
of a protein (Sternberg and Thornton, 1976). The disulphides were divided into two 
groups: local disulphides, with half-cystines separated by less than 45 residues and non- 
local disulphides with a separation greater than 45 residues. Thirty-three out of the 34 
local disulphides investigated had one of the structures shown in Figure 1.7. The most 
common being the coil-coil (cc), followed by c-ßß-c. No helix-helix (aa) local disulphides 
were observed, although (aa) disulphides were found between non-local half-cystines. 
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Figure 1.7: A left-handed spiral disulphide from hen egg white lysozyme (left) and a right- 
handed hook disulphide from carboxypeptidase A (right). [ Richardson, 1981 ] 
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Figure 1.8: Local disulphide "single loop" topologies. c= coil, ß= strand, a= helix. 
(Thornton, 1981) 
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In summary, 
" local disulphides are preferred where possible; 
" disulphides between the amino and carboxyl termini are also favourable, even though 
they are non-local; 
" secondary structure (a-helix and ß-sheet) often prevents formation of local disulphides 
" disulphides are rarely found between cystines separated by more than 150 residues or 
between cystines in different domains; 
" Half-cystines are predominantly in coiled regions in contrast to cysteines, which are 
preferentially helical, and 
" local disulphides tend to be right handed whilst non-local disulphides are left-handed 
and adopt the left-handed spiral structure. 
Disulphide bond formation was found to be important in the present study. Exposure of 
cysteines in BSA and ß-lactoglobulin through heating led to aggregation and gelation 
(chapters 5 and 6). Glutenin polymerises through inter-disulphide bond formation (chapter 
2). At room temperature, soluble wheat protein (SWP) was made to gel through reduction 
of its disulphide bonds (chapter 3). As the disulphide bond in proteins are reduced, the 
protein unfolds or denatures. 
1.5 Protein Denaturation 
Protein denaturation has been defined in several ways, for example as a change in 
solubility (Mirsky, 1941) or by simultaneous changes in chemical, physical and biological 
properties (Neurath et al., 1944; Langmuir, 1938) under some standard reference set of 
conditions (Timasheff and Gibbs, 1957). These changes in physical, and to a lesser extent 
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chemical properties are manifestations of configurational changes taking place in the 
polypeptide chains. The denaturation process presumably involves an unfolding or at least 
an alteration in the nature of the folded structure ( Foster & Samsa, 1951). Most 
denaturation changes consist of changes in secondary bonds: ion-dipole, hydrogen and 
Van der Waals, and in the rotational positions about single bonds which are controlled by 
the secondary bond structure (Lumry and Eyring, 1954). The term denaturation denotes 
the response of the native protein to heat, acid, alkali, and a variety of other chemical and 
physical agents which cause marked changes in the protein structure. Rice et al. (1958) 
suggested denaturation to mean a class of reactions which lead to changes in the structure 
of the macromolecule with no change in molecular weight. Timasheff and Gibbs (1957), 
pointed out that the approaches used to define the concept of denaturation can be 
classified into two types: 
" molecular, in terms of actual structural changes taking place on the molecule, and 
" operational, in terms of changes in measurable properties. 
The operational approach to denaturation has the advantage of being purely 
phenomenological, but it cannot lead to a precise definition, since the concept of property, 
even restricted to measurable property, is itself without finite boundary. On the other 
hand, the molecular point of view, although still involves a few assumptions despite the 
important advances in investigations of protein structure, will allow us to reach a 
definition which is very convenient, owing to its general validity. Whatever it is, changes 
can be quantitatively described by comparison with the native state. This seems simple, 
although in fact difficulties arise in attempting to obtain an accurate quantitative 
description of the native state since it is not a state that is static and fixed. 
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Moreover, physico-chemical measurements are ordinarily not made in situ, but with 
extracted proteins, and it cannot be excluded that extractions and purification treatments 
do, sometimes, modify, to a certain extent, the structure of the protein molecules. 
Nevertheless, in practice, the state of the molecules prepared by the mildest extraction 
method is conventionally assumed to be the native state. Following these preliminary 
remarks, denaturation may be defined in very general terms as any modification of the 
secondary, tertiary or quaternary structure of the protein molecule, excluding any breaking 
of covalent bond (Joly, 1965). The degree to which the three-dimensional structure of a 
protein may differ from the native state may vary from a change in a single noncovalent 
bond or side-chain orientation to the case where almost no atom exist in the same spatial 
relationship to others except for the constraints of the primary structure. 
The special importance attached to an understanding of the denaturation process is due to 
the fact that denaturation is usually a prerequisite for gelation. Since this project 
investigationed the elucidation of the gelation process it was considered that the control 
of denaturation could lead to a specific gelation properties. Evidence suggests that the 
various individual non-covalent bonds do not act independently but that there is a 
cooperative action of particular groups of bonds' or contacts in stabilizing various 
segments of the structure or even the total conformation (Tanford, 1968). Thus 
conformational transitions are found to pass through a few intermediate states or take 
place by an all-or-none type of mechanism between two states with no intermediates 
occurring in substantial concentration (Creighton, 1994). 
The denaturation process can be achieved by any one of the following methods: increasing 
temperature, changing pH, using denaturants (i. e. urea, guanidine hydrochloride, 
ß-mercaptoethanol, dithiothreitol), inorganic salts (i. e lithium bromide, potassium 
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thiocyanate, sodium iodide), organic solvents and (i. e. formamide, dimethyiformarnide, 
dichioro- and trichloroacetic acids and their salts), detergents (i. e. sodium dodecyl 
sulphate), high pressure and ultrasonic homogenisation. 
The temperatures at which various proteins unfold vary enormously. Most proteins unfold 
at elevated temperatures, and some unfold at very low temperatures. Many proteins unfold 
at temperatures only a few degrees higher than those at which they function. Others are 
stable to much higher temperatures such as the gluten proteins. The driving force for 
denaturation is the increase in entropy that accompanies the transition of a single 
conformation into an ensemble of random ones. With increasing temperature the 
contribution of this entropy increases and becomes more significant, and at some 
temperature it overcomes the energy effect ( the protein is heat denatured). It is interesting 
to consider possible intermediate structures. The early unlocking of the tertiary structure 
deletes a large number of the bonds holding the structure together but increases the 
randomness only insignificantly. The later stages of denaturation lead to larger increases in 
entropy. Thus, the intermediate states are relatively unstable, and heat denaturation is 
often an all-or-none phenomenon. The unfolding of the protein exposes the buried non- 
polar amino acid residues. Their intermolecular clustering leads to aggregation of the 
denatured protein. Consequently, heat denaturation is essentially irreversible. 
In chemical denaturation the secondary bonds holding the protein segments together are 
disrupted by some chemicals capable of forming equally strong or stronger bonds with the 
groups holding the conformation together. For disrupting the hydrogen bonds, urea or 
guanidine hydrochloride are used. At high concentrations of these substances (e. g, 8M 
urea or 5M guanidine hydrochloride) many proteins adopt a highly unfolded conformation 
in solution. Proteins of multiple subunits are likely to be separated into their constituent 
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polypeptide chains. Other proteins aggregate upon denaturation in urea or guanidine 
hydrochloride which is frequently due to the formation of disulphide bridges between 
sulphydryl groups made accessible by the unfolding of the polypeptide chains. Such 
reactions may be inhibited by the addition of iodoacetate (chapter 3 and 5). Under these 
conditions, the denatured molecules remain in solution and may revert into native 
molecules if the denaturing agent is slowly dialysed away. Powerful detergents like SDS 
disrupt both hydrophobic and hydrogen bonds and effectively solvate the denatured 
molecule. ß-Mercaptoethanol and dithiothreitol (DTT) disrupt disulphide bonds and can 
be used in conjunction with urea or SDS to fully solubilise protein molecules. 
1.6 Protein-Protein Interactions 
Protein-protein interactions occur widely. These can either involve specific binding or 
non-specific interactions. Numerous examples of specific binding can be observed in 
biological systems: 
" where proteins are directed to the correct compartments of cells by binding to other 
proteins; 
" protein messengers bind to protein receptors on the outer surface of cell membranes to 
send signals between cells; 
" proteins form structural connections between cells; 
" some inhibitors of enzymes are proteins; 
" proteins are modified and degraded by enzymes; 
" interaction between different protein subunits are the basis of allosteric changes in 
multimers, and 
" protein-protein interactions underlie very large-scale movements in organisms, such as 
muscle contraction. 
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However only a small selection of molecules are involved in specific binding 
(Zuckerkandl, 1975) which is a property of individual proteins. The only category of 
proteins which has specialised in creating binding sites for practically all kinds of 
molecules are the immunoglobulins. In addition the substrates of e. g. serine 
proteases are proteins, therefore, the complex formation between these enzymes and 
their substrates can provide useful information on protein-protein interactions. 
Protein-protein interactions are generally favoured under conditions which reduce the net 
charge on the molecules, i. e. pH values near the isoelectric point. High ionic strength 
tends to reduce electrostatic repulsion between proteins due to the shielding of ionizable 
groups by mobile ions. Protein-protein association involves the specific complementary 
recognition of two macromolecules to form a stable assembly (Jones and Thornton, 1995). 
Fundamental to the stabilization of protein association is the hydrophobic interaction 
(Chothia and Janin, 1975). The term hydrophobic interaction is used to describe the gain 
in free energy which occurs when non-polar residues of proteins associate in an aqueous 
environment (Kauzmann, 1959). The process of folding and protein-protein aggregation 
reduces the surface area in contact with water. When the protein-solvent interaction is 
attractive, the protein can reduce its total energy by surrounding itself with solvent 
molecules, conversely, when the interaction is repulsive, the solvent is excluded (Tanaka, 
1981). The aggregation of protein subunits buries the hydrophobic residues of the 
proteins, and hence minimizes the number of thermodynamically unfavourable solute- 
solvent interactions as found when SWP is hydrated in distilled water at room temperature 
(chapter 3). 
Most of the proteins in food systems are denatured to varying degrees depending upon 
the type of processing used. The functionality required dictates the type and 
concentrations of ingredients and their environment. Protein-protein or protein- 
polysaccharide interactions under these circumstances are not specific, like in biological 
systems, but rather, depend mainly on physico-chemical forces. Proteins spontaneously 
37 
aggregate when hydrated, therefore, molecular interactions are best studied in dilute 
systems. As their concentrations increase, their behaviour is better explained with colloid 
chemistry. Physical functions associated with proteins in a food system typically includes 
hydration and water binding which affect viscosity and gelation; modification of surface 
and interfacial activity which control emulsification and foaming ability and chemical 
reactivity leading to altered states of cohesion/adhesion and a potential for texturization 
(Fligner and Mangino, 1991). 
A particular functional property may be a manifestation of a specific component of the 
food protein used or due to interactions involving the biopolymers in the system. Schoen, 
(1977) and Howell, (1992) pointed out that one major objective of protein functionality 
research, as it relates to foods, is to understand how proteins interact with each other and 
with other components in mixed systems. Protein interactions under certain circumstances 
lead to gelation. 
1.7 Gelation 
Gels may be defined by their ability to immobilize liquid, macromolecular structure, 
textural or rheological properties (Kinsella, 1976). The Collins English Dictionary defines 
a gel as a semi-rigid jelly-like colloid in which liquid is dispersed in a solid ( Latin, gelare, 
meaning 'to freeze' ). Bungenberg de Jong (1949), defined a gel as a system of solid 
character in which the colloidal particles somehow constitute a coherent structure. 
Hermans (1949), defined a gel with three propositions : (a) they are coherent colloid 
systems of at least two components; (b) they exhibit mechanical properties characteristic 
of a solid; (c) both the dispersed component and the dispersion medium extend themselves 
continuously throughout the whole system. Flory (1974), classified gels based on their 
structure into four types as follows : 
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" Well-ordered lamellar structures, including gel mesophases; 
" Covalent polymeric network ; completely disordered; 
" Polymer networks formed through physical aggregation ; 
predominantly disordered, but with regions of local order, and 
" Particulate, disordered structures. 
An example of the first type is a phospholipid with well-ordered lamellar structure as in 
biological membranes. Gels of the second type are completely disordered with structural 
units covalently linked to one another. The units are either bi-functional or poly-functional 
with a network which pervades the entire system giving it an infinite molecular weight for 
example elastin and condensation polymers. Gels of the third type are usually primary 
macromolecules bound together via crystalline domains or multi-stranded helices where 
the network is caused by physical aggregation of chains, previously disordered, but with 
regions of local order. The orientation of the ordered regions are mutually uncorrelated 
and their locations may likewise be independent. Chains between the ordered domains are 
random. Whereas, the network in the second type of gels are covalently linked making 
them irreversible, the strands of the third type gels are linked by non-covalent forces and 
can under certain conditions be reversible. An example of this type of gel is gelatin, where 
triple helices like those in native collagen are formed and these appear to be further 
aggregated to form small crystalline domains at higher concentrations (Flory and Garrett, 
1958). At low concentrations the triple helices appear to be individually dispersed without 
aggregation as crystallites (Flory and Garrett, 1958; Peniche-Covas et al., 1974; Eagland 
et al., 1974). Only a small fraction of the gelatin may be involved in the ordered domains. 
Gels formed by aggregation of proteins are of the fourth type, and they usually occur 
under conditions of partial denaturation. The proteins may be fibrillar or globular. 
Although specific interactions as in clotting of fibrin and antibody-antigen interactions may 
be responsible for the formation of gel-like aggregates, the aggregation of other proteins 
to a gel may be non-specific (Goldberg, 1952; Flory, 1974). 
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Biopolymer gels differ from synthetic polymer gels in a number of ways: 
" They contain large amounts of solvent (usually water) than their synthetic counter-part 
" The point covalent cross-links (e. g, vulcanised rubber) in synthetic polymer networks 
are replaced in biopolymer networks by a combination of many physical interactions 
which occur between sizeable regions of the biopolymer (Clark et al., 1990). 
" Elasticity of synthetic polymer networks is entropic in origin. In these networks, 
strands between cross-links can assume numerous conformations due to Brownian 
motion. Deformations of the network lowers the entropy of the strands and this is 
responsible for the resistance against permanent deformation (Walstra et al., 1991). 
The elastic properties of such networks can be described by the Theory of Rubber 
Elasticity (Treolar, 1975), in which the shear modulus, G is expressed as: (G = NAT 
/ Vmol ) where N. is the number of Elastically Active Network Chains (EANC) 
(Dobson and Gordon, 1965) per monomer and V. ol is the molar volume of a 
monomer. The elastic properties of biopolymer networks are caused by enthalpic 
rather than entropic changes. 
The mechanical spectrum (frequency-dependence of the dynamic moduli, G' and G" ) for 
a gel shows the storage modulus (G') to be greater than the loss modulus (G"), and both 
moduli are independent of frequency (i. e. rate of deformation). whereas, the dynamic 
viscosity decreases steeply with increasing frequency, and the slope of log 1* vs log w 
approaches -1 when G and G' are constant. 
11*=G*/(0_(G'2 + G"2 )o. 5/w 
And on a shorter timescale the behaviour of non-covalently cross-linked gels approximates 
to that expected for a permanent network (Morris, 1983). 
Tanaka (1981), defined a gel as a form of matter intermediate between a solid and a liquid 
which consists of polymers, or long chain molecules, cross-linked to create a tangled 
network immersed in a liquid medium. The liquid prevents the polymer network from 
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collapsing into a compact mass, whilst the network prevents the liquid from flowing away. 
Tanaka identified three forces which interact to either expand or shrink polymer networks. 
The forces are; rubber elasticity, the polymer-polymer affinity and the hydrogen-ion 
pressure. The sum of these three forces was called the osmotic pressure of the gel, 
because it determines whether the gel tends to take up fluid or to expel it. The rubber 
elasticity is the elasticity of the individual polymer strands (i. e. the resistance the strands 
offer to either stretching or compression). The polymer-polymer affinity is the interaction 
between the polymer strands and the solvent. Such interactions can be either attractive or 
repulsive, depending on the electrical properties of the molecules. The hydrogen-ion 
pressure, is associated with the ionization of the polymer network, which releases an 
abundance of positively charged hydrogen ions (H+) into the gel fluid. The hydrogen-ion 
give rise to pressure in the gel. A strand can be represented by a chain of rigid, jointed 
segments, each of which is in constant thermal motion. If the chain is stretched almost 
taut, the random movements of the segments give rise to a tension that pulls the ends of 
the chain inwards. If the chain is compressed into a compact ball, the force is directed 
outward. At an intermediate length of the chain the average force is zero. The rubber 
elasticity is proportional to the absolute temperature because thermal agitation is the 
ultimate root of the force. The polymer-polymer affinity decides if two polymers will 
aggregate and thereby exclude the solvent from the space between them or if there is a 
greater force of attraction between the polymer and the solvent than a polymer and 
another polymer. 
A morphological classification of gels was proposed by Russo (1987) as : 
" Fishnet gels; where cross-links, whether reversible or covalent, provide the 'strong 
points' of the structure and are separated by flexible strands which provide the 
elasticity. 
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" Lattice gels; where the division of the structure into cross-links and strands is 
inappropriate, i. e. the mechanical distinction between cross-links and strands is 
obscure, but nonetheless, a space-filling structure exits. 
" Transient gels; a gel in which the structure is not permanent or due to high 
concentrations cause the polymers to overlap leading to temporary 'cross-links' due to 
chain entanglement. 
Under this system of clasification, gelatin gels would be considered fishnet gels, globular 
protein network gels as lattice gels and yogurt as a transient gel. Aqueous solutions of 
biopolymers can often be converted to gels by thermal or chemical means. Clark (1986) 
classified thermal set gels into heat setting and cold setting. An example of a heat set gel is 
the aggregation of thermally unfolded globular proteins (Barbu and Joly, 1953; Clark et 
al., 1981a; Clark et al. ) 
1981b; Tombs, 1970; Howell and Lawrie, 1984). The cross- 
linking of gelatin, a fibrous protein and various types of polysaccharide via disorder-to- 
order transition induced by cooling, is typical of the cold-setting process (Eagland et al., 
1974; Peniche-Covas et al., 1974; Morris et al., 1980; Rees and Welsh, 1977). 
Burchard and Ross-Murphy (1988), proposed a phenomenological definition, stating that : 
all gels possess at least one property which can stand as the operational definition of a gel. 
They possess a plateau in the real part of the complex modulus extending over an 
appreciable window of frequencies - i. e. they are, or can be coaxed under appropriate 
conditions to be, viscoelastic solids. 
Almdal et al., (1993) also suggested a phenomenological definition of a gel based on two 
criteria : 
"A gel is a soft, solid or solid-like material of two or more components, one of which is 
a liquid present in substantial quantity. 
42 
" Solid-like gels are characterised by the absence of an equilibrium modulus, by a 
storage modulus, G', which exhibits a pronounced plateau extending to times at least 
of the order of seconds, and a loss modulus, G", which is considerably smaller than the 
storage modulus in the plateau region. 
Morris (1985), characterised modes of gelation based on two different classes of materials, 
i. e. structural or storage. Storage materials are those which, even after extraction and 
purification, possess highly ordered structures (i. e. globular proteins). To gel aqueous 
solutions or dispersions it is usually necessary to first heat the samples in order to partially 
disrupt the ordered structure. Cooling leads to gelation which involves the formation of 
new intermolecular network. The original ordered structure cannot be recovered and such 
heat-set mechanisms are generally irreversible. Structural polymers are normally extracted 
from plant or animal cell walls (i. e. gelatin, alginate, pectin and carrageenans). Gelation 
occurs through a disorder-order transition which is reversible. 
Most of the theories discussed so far are related to single component gels. The present 
project was carried out on mixed binary systems, therefore, a brief discussion on two 
component gels proposed by Morris (1985) would be appropriate. In a two component 
gel, the polymer that forms the network structure was labelled as `active' and the other 
which is merely contained within the network structure as 'non-active'. A gel is called 
type I if it is made up of both active and non-active polymers, and type II, if both polymers 
are active. Complex formation between the active and non-active polymers in type I gels is 
unlikely. The non-active polymers will tend to concentrate the active polymers promoting 
intra- and inter-molecular interactions between them. The network structure in type II gels 
will depend on the relative values of the two active components and their degree of phase 
separation prior to gelation. The network formed were classified as: 
" Interpenetrating networks, consisting of two independent network structures which 
interact only through mutual entanglements. 
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" Phase separated networks formed from the incompatability of the active polymers 
resulting in composites with upper and lower bound moduli. 
" Coupled networks which form through inter-molecular interactions between the active 
polymers. 
If conditions necessary for the gelation of the two active polymers differ, then different 
network structures could be produced by manipulating those conditions, for example 
gelling one polymer on heating and the other on cooling (Kasapis, 1994). 
Gelation of globular proteins 
Several factors affect gelation, such as protein type, protein concentration, temperature, 
ionic strength, type of ion and pH (Mulvihill and Kinsella, 1987). Probably the two most 
important factors in gelation are the protein concentration and heating temperature. If 
either, or both the temperature (Dunkerley and Hayes, 1980) and protein concentration 
(Ross-Murphy, 1991) are too low, gelation will not occur (Howell and Lawrie, 1983). 
Once these factors are above their critical values, gel strength increases and gelation time 
decreases with increasing temperature (Schmidt and Illingworth, 1978; Dunkerley and 
Hayes, 1980; Dunkerley and Zadow, 1984; Howell and Lawrie, 1984) and concentration 
(Ross-Murphy, 1991; Plock et al., 1992). Ferry (1948) suggested a two-step mechanism 
of gelation which involves: (1) an initiation step involving unfolding or dissociation of the 
protein molecules, followed by (2) an aggregation step in which association or aggregation 
reactions occur, resulting in gel formation under appropriate conditions. For the formation 
of a highly ordered gel, it is essential that the aggregation step proceeds at a slower rate 
than the unfolding step (Hermansson, 1978,1979). Richardson and Ross-Murphy (1981) 
concluded from their gelation experiments, using 9% BSA solutions at pH 6.5 and at 
various temperatures, that the unfolding of BSA is rate-determining at temperatures below 
57°C and that aggregation is rate-determining above that temperature. This finding is 
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consistent with the views of Ferry (1948) that unfolding precedes aggregation and 
provides the driving force for protein-protein interaction. 
There are a number of ways in which two or more proteins can interact with each other 
which will affect the properties of the gel formed. After mixing, proteins may be 
qualitatively considered incompatible, semicompatible, or compatible, depending on 
whether two immiscible phases are formed, partial mixing takes place at the molecular 
level, or a single thermodynamically stable phase is formed (Manson and Sperling, 1976). 
Composite or multicomponent gels are produced from mixtures of two or more gelling 
agents, or a single gelling and nongelling components. A second protein capable of gel 
formation may act as a non-gelling component if it is present in the mixture at a 
concentration below its critical concentration for gel formation (Ziegler and Foegeding, 
1990). The second protein component may behave like a filler, interspersed throughout 
the primary gel network. The gel may be single phase with the filler remaining soluble 
(Figure 1.9A), or two phase, where thermodynamic incompatibility causes phase separation 
to occur, with the filler existing as dispersed particles of liquid or as a secondary gel 
network (Figure 1.9B). The single phase system was labelled by Tolstoguzov (1986) as 
type I and the phase separated system as type II filled gel. In Figure 1.9C, the non-gelling 
component associates with the primary network in a random fashion via nonspecific 
interactions which may reduce the flexibility of the primary network chains and add 
rigidity to the gel. The two protein components may co-polymerise to form a single, 
heterogenous network (Figure 1.5D). An example of this type is the polymerisation which 
occurs in BSA-ovalbumin gels (Clark et al., 1982) and plasma-egg albumen gels (Howell 
and Lawrie, 1985). Figure 1.9E is an example of the interpenetrating polymer network 
where both components form separate continuous network throughout the system. 
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Figure 1.9: Types of mixed gels (Ziegler and Foegeding, 1990) 
1.8 Protein-Polysaccharide Interactions 
Protein-polysaccharide interactions in food systems often plays a role in determining the 
functional properties of these systems (Stainsby, 1980). Understanding the mechanisms 
involved in the interactions between proteins and polysaccharides and the way in which 
these interactions are affected during processing is important when these components are 
added into foods to improve their functional properties (Ledward, 1979; Stainsby, 1980). 
Although there is evidence to indicate that the major forces responsible for these 
interactions are electrostatic in nature (Imeson et al., 1977), other interactions such as 
hydrogen, hydrophobic or covalent bonds may also be significant in the stabilization of the 
interaction. 
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Proteins and polysaccharide combinations have been used to stabilize emulsions 
(Dickinson and Euston, 1991; Dickinson and Galazka, 1991) through electroststic 
interactions and when covalently linked (Kato et al., 1990; Dickinson and Galazka, 1991; 
Dickinson and Galazka, 1992). The formation of soluble protein-polysaccharide complex 
in the pH range that would lead to protein precipitation has been utilised in the preparation 
of fruit flavoured milk beverages in which fruity flavour is best expressed at pH 4.5-5.0. 
CMC has been found to be particularly effective in keeping milk proteins in solution. In 
addition to holding milk proteins in solution, excess polysaccharide may resolubilize a 
precipitated complex at low pH. This behaviour is explained as a result of two reactions 
(Hidalgo and Hansen, 1969): a primary ionic reaction leading to the formation of insoluble 
complex, followed by a `peptization' reaction, involving redistribution of protein 
molecules on the polysaccharide, giving rise to increased hydration and thus solubilization. 
The protein-polysaccharide interaction also inhibits precipitation of some water soluble 
proteins following denaturation (Hidalgo and Hansen, 1969). 
1.9 Conclusion 
The principles outlined in this chapter has been used in interpreting some of the results 
observed in the project. 
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CHAPTER 2 
2.0 MATERIALS AND METHODS 
The main material used in this project was soluble wheat protein (SWP). It was 
manufactured by the deamidation of wheat gluten. This chapter describes the structure of 
the gluten proteins and the effect of deamidation on its functional properties. In addition 
the analytical methods routinely used in the project are described. 
2.1 The Gluten Proteins and Deamidated Soluble Wheat Protein (SWP) 
2.1.1 Gluten Proteins 
The storage proteins of wheat are unique because they are also functional proteins. They 
do not have enzyme activity, but they are the only cereal proteins to form a strong, 
cohesive dough that will retain gas and produce light baked products. They can be easily 
isolated by removing starch and albumins/globulins by gently working a dough under a 
small stream of water. After washing, a rubbery ball is left, which is called gluten. 
Traditionally, wheat proteins have been classified into four types according to their 
solubility (Osborne, 1907) as follows: 
" albumins are soluble in water or dilute salt solutions and are coagulated by heat; 
" globulins are insoluble in pure water, but soluble in dilute salt concentrations and 
insoluble at high salt concentrations; 
" prolamins are soluble in aqueous alcohol, and 
" the glutelins are soluble in dilute acid or bases, detergents, or dissociating (urea) or 
reducing (ß-mercaptoethanol) agents. 
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An alternative classification to that described above has been proposed (Shewry et al, 
1986) based on composition and structure rather than solubility (Figure 2.1). Most of the 
physiologically active proteins (enzymes) are found in the albumin or globulin groups. 
Nutritionally, the albumins and globulins have a very good amino acid balance. They are 
relatively high in lysine, tryptophan and methionine (Pomeranz, 1968). The prolamins 
were among the earliest proteins to be studied, with the first description of wheat gluten 
being that of Beccari (1745). The prolamins have always been considered to be unique to 
the seeds of cereals and other grasses and unrelated to other proteins of seeds or other 
tissues. They have been given different names in different cereals, such as: gliadin in 
wheat; avenins in oats; zeins in maize; secalins in rye; and hordein in barley. The glutelins 
are called glutenins in wheat. The gliadins and glutenins are the storage proteins of wheat 
endosperm and they tend to be rich in asparagine, glutamine, arginine or proline (Abrol et 
al., 1971; Derbyshire et al., 1976; Kirkman et al., 1982; Larkins, 1981; Spencer and 
Huggins, 1982) but very low in nutritionally important amino acids lysine, tryptophan and 
methionine (Appendix A). 
Wheat Proteins 
Resolved 
Albumins Globulins Gliadins 
Omega Alpha/Beta Gamma 
(S-poor) (S-rich) (S-rich) 
Not Resolved 
(large molecules that do not enter the gel) 
Glutenins 
(pol' neric) 
(reduction. ME or DTT) 
LMW 
(S-rich) 
BNff 
(gly-rich) 
Figure 2.1: Classification of wheat gluten proteins based on primary structure 
relationship and mobility in Gel Electrophoresis. 
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Cereals are an important protein source and are processed into bread, pasta and noodles, 
breakfast cereals and fermented drink. For all these applications the quality is determined, 
to a greater or lesser extent, by the gluten proteins which account for about half of the 
total grain nitrogen. There are also opportunities to develop novel uses for cereal proteins 
in both the food and non-food industries. The aim of this project is to study the wheat 
gluten proteins, particularly the deamidated SWP in relation to their structure and 
function. 
2.1.1.1 Intergeneric Comparisons of Cereal Prolamins 
On the basis of information presented by several authors (Hitchcock, 1950; Morris and 
Sears, 1967; Clayton, 1972; Sakamoto, 1973; Paulis and Wall, 1977; Smith and Lester, 
1980), a tree diagram summarizing currently accepted genetic relationships of cereal 
grains was constructed by Bietz, 1982 (Fig. 2.2). 
Family Gramineae 
Subfamily Bambusoideae Festucoideae Panicoideae 
Paniceae Maydeae Andropogoneae 
Tribe Oryzeae Aveneae Triticeae 
Ir Ir IF 
Ii 
Species Rice Oats Barley Millets Maize Sorghum 
Wheat 
Rye 
Figure 2.2: Genetic relationships of cereal grains 
Wheat, barley, and rye are classified in the same subfamily (Festucoideae) and tribe 
(Triticeae) of the grass family (Gramineae), and this close relationship is reflected in the 
structures of their prolamin storage proteins. Only in wheat, however, do these proteins 
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form a cohesive mass (gluten). Barley and rye are diploids, each with seven pairs of 
chromosomes, while wheat species are diploid, tetraploid, or hexaploid (Figure 2.3). 
Chromosome number in each genome 
1 
2 
3 
4 
5 
6 
7 
Genome 
A B D 
IA lB 1D 
2A 2B 2D 
3A 3B 3D 
4A 4B 4D 
5A 5B 5D 
6A 6B 6D 
7A 7B 7D 
Figure 2.3: Chromosome structure of wheat. 
Total number of chromosome = 42 for hexaploids (used for breadmaking) 
28 for tetraploids (Durum wheat used for pasta) 
14 for diploids (primitive wheat) 
The last two originated from the hybridization of related wild diploid species. Bread wheat 
(Triticum aestivum) is an allohexaploid with three genomes (each having seven pairs of 
chromosomes called A, B, and D). The A and D genomes are thought to be derived from 
a wild diploid wheat (Triticum sp. ) and the related wild grass Aegilops squarrosa 
(T. tauschii), respectively. The origins of the B genome are not known. Durum or pasta 
wheats (T. durum) are tetraploid, with only the A and B genomes. Because the A, B, and 
D genomes are derived from related diploid species, they have genes that encode related 
but not identical proteins. The interactions of proteins encoded by the different genomes 
are important in determining the precise physical and technological properties of dough 
produced from pasta and bread wheats. Each chromosome consists of a long arm and a 
short arm joined by a centromere (Fig. 2.4). 
Genes coding for the gliadin proteins are located on the short arms of groups 1 and 6 
chromosomes (Wrigley and Shepherd, 1973; Brown et al., 1981). The group 1 
chromosomes control all the w-gliadins, most of the y-gliadins, and a few of the ß-gliadins, 
whereas genes on the group 6 chromosomes code for all the a-gliadins, most of the 
ß-gliadins, and some of the y-gliadins. The genes coding for gliadin proteins occur as a 
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single complex locus on each of the short arms of groups 1 and 6 chromosomes rather 
than at two or more loci. The BMW glutenin subunits are coded by genes (loci) on the 
arms of chromosomes 1A, 1B, and 1D. These loci are designated Glu-Al, Glu B1, and 
Glu- ], respectively. Electrophoretic studies have revealed appreciable polymorphism in 
the number and mobility of the HMW subunits in different wheat cultivars. That is, the 
genes on the chromosome 1 long arms show multiple allelism. Based on electrophoretic 
studies, Payne et al. (1981) proposed that there were two main types of subunits, the x 
type (of high relative molecular weight, Mr) and the y type (low Mr). This subdivision has 
been supported by chemical and genetic evidence. 
Long arm 
1A 
Short ann 
Glu-A3 
Glu-B3 
Glu-B 1 Gli-B 1 
1B 
Glu-D3 
1D 
Gli-A2 
6A 
Gli-B2 
6B 0 --F 
16D 
Genes for BMW Glutenins = Glu-A1, Glu-B1 and Glu-D1 
Genes for LMW Glutenins = Glu-A3, Glu-B3 and Glu-D3 
Gli-Al, B1 and D1= all omega gliadin, most of the gamma gliadin and a few of the beta gliadin 
Gli-A2, B2 and D2 = all alpha gliadin, most of beta gliadin and some of gamma gliadin. 
2.4: Chromosomal location of major protein groups of hexaploid wheats. 
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A particular subunit is specified by noting its chromosome, followed by its classification as 
x or y, and finally a number (designating the protein subunit), this number increasing with 
decreasing Mr (Appendix A). In contrast to the BMW subunits, the LMW glutenin 
subunits are encoded by genes on the short arms of chromosomes 1A, 1B, and 1D, these 
loci being designated Glu-A3, Glu-B3, and Glu-D3. The allocation of genes coding for 
particular proteins has been achieved by use of genetic variants in combination with 
electrophoresis. Examples of these variants are aneuploids, lines that are deficient in a 
single chromosome. Much of the pioneering work in this area was conducted by Sears 
(1969). In simple terms, when a particular chromosome is missing, this may coincide with 
the disappearance of a certain band or bands in the electrophoretic pattern of the wheat 
protein, thus identifying the chromosome that carries the gene(s) responsible for the 
synthesis of the missing protein(s). 
Storage proteins are usually synthesized in very large amounts and consequently need to 
be stored in a highly concentrated form and in a subcellular compartment in which they are 
separate from other metabolic processes. This is achieved by a combination of specific 
solubility properties and deposition into protein bodies (1 - 20µm). The protein bodies 
have been found both in the aleurone cells and the endosperm (Fig. 2.5). The solubility 
properties are determined by the primary structures of the individual proteins and their 
interactions by non-covalent forces (notably hydrogen bonds and hydrophobic 
interactions) and by covalent disulphide bonds. Storage proteins are synthesized on the 
rough endoplasmic reticulum with a signal peptide which directs the nascent polypeptide 
into the lumen of the endoplasmic reticulum and is itself removed by proteolytic cleavage. 
The signal sequences of the storage proteins all display the characteristics for transported 
proteins in other organisms (Von Heijne, G., 1983) such as length, hydrophobicity, and 
the presence of an amino acid with a small uncharged side chain prior to the N-terminus of 
the mature protein. There is some sequence homology between the signal sequences for 
closely related zeins (Spena et al., 1982). Thus, it appears that the features of this protein 
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segment that have been conserved in evolution are the nature of the amino acids and 
perhaps the tertiary structure of the signal sequence rather than the actual amino acid 
sequence. 
1 mm 
>ricarp and 
sta 
eurone layer 
archy 
idosperm (food store) 
utellum 
deoptile and 
aves 
-radicle and 
coleorhiza 
L. S. Wheat grain (Triticum aestivum ) 
Fig. 2.5. Diagrammatic representation of a cross-section of a seed with endosperm from 
the inside towards the outside: the large starchy endosperm (S), the aleurone layer (A), 
nucellus (N), the integument formed by the tegment (T 1) made of crushed cells, and the 
testa (T2) with sclerous cells sometimes covered, in certain species by mucilaginous cells. 
(From Champagnat et al., 1969). 
By analogy with animal systems (Kreil, 1981), the function of signal sequences in plant 
storage proteins is to facilitate the translocation of storage protein into the lumen of the 
ER as the first step in intracellular transport (Fig. 2.6). Protein folding and disulfide bond 
formation are considered to occur within the lumen of the endoplasmic reticulum, and may 
be assisted by molecular chaperones and by the enzyme protein disulfide isomerase 
respectively (Freedman, 1989; Gething and Sambrook, 1992). The precise mechanism of 
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SAN Ti T2 
intracellular transport of storage proteins from their site of synthesis to their site of 
deposition are still largely unknown but a two way hypothesis has been proposed by 
Sherry (1993). 
Rough Endoplasmic 
Figure 2.6: Schematic illustration of the signal hypothesis (Blobel, 1977). 
2.1.1.2 Gliadin 
The gliadins are divided into four groups, called a-, ß-, -y-, and c-gliadins, based on their 
electrophoretic mobility at low pH (Woychick et al, 1961), but more than 30 components 
can be separated by two-dimensional electrophoretic procedures. The amino acid 
compositions of the a-, ß-, and y-gliadins are similar to each other and to that of the 
whole gliadin fraction (Tatham et al., 1990a). The ca-gliadins contain little or no cysteine 
or methionine and only small amounts of basic amino acids. All gliadins are monomers 
55 
5T 
Ribosomal 
Subunits 
with either no disulphide bonds (co-gliadins) or intrachain disulphide bonds ((x-, ß-, and y- 
gliadins). Although no complete sequences of co-gliadins have been determined, Kasarda 
et al. (1983) purified a number of individual components from bread and pasta wheats and 
determined their relative molecular weights (Mrs) by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE); and the Mrs fell between 44,000 and 
74,000, with most above 50,000. The a-, ß-, and y-gliadins have lower Mrs, ranging 
between about 30,000 and 45,000 by SDS-PAGE and by amino acid sequencing 
(Appendix A). The latter approach has shown that the a- and ß-gliadins are closely 
related, and both are now usually referred to as a-type (in contrast to the y-type) gliadins. 
Although there is some overlap, the a-type gliadins generally have lower Mrs than y-type 
gliadins (Appendix A). 
In dough formation, the gliadins do not become covalently-linked into large elastic 
networks as the glutenins but act as a `plasticiser', promoting viscous flow and 
extensibility which are important rheological characteristics of dough. They may interact 
through hydrophobic interactions and hydrogen bonds. Krejci and Svedberg (1935) used 
ultracentrifugation to analyse the gliadin fraction extracted with aqueous ethanol. 
Although the protein was not homogeneous, a principal non-spherical component with a 
molecular weight of about 34,500 was present. Lamm and Poulsen (1936) using diffusion 
measurements showed gliadin to have a high degree of asymmetry with a calculated axial 
ratio of 8: 1 whilst Entrikin (1941) using dielectric measurements showed an axial ratio of 
13: 1. Hydrodynamic studies showed that gliadins had a low intrinsic viscosity, indicating a 
compact, globular conformation (Taylor and Cluskey, 1962; Wu and Dimler, 1964). 
Crrosskreutz (1961) reported detailed X-ray scattering and electron microscopy studies of 
two gluten fractions, the first gliadins and the second fraction a major glutenin subfraction 
called al-gluten (not the same as a-gliadin). 
The gliadins appeared to have a doughnut shape, about 340Ä in 
diameter and 90A 
thickness, with a central hole of about 100th in diameter. Grosskreutz 
(1961) suggested 
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that this shape resulted from the flattening of a hollow, sphere during drying. Kasarda, 
(1980) divided wheat varieties into two types (Type 1 and Type 2) based on the major 
features of the gel electrophoretic patterns of their a-gliadins. A sub-fraction of the a- 
gliadins of Type 1 wheat variety was named A-gliadin which was found to be encoded by 
genes on chromosome 6A. The other (x-gliadins were coded by genes on chromosomes 
6A, 6B and 6D (Figure 2.4). At pH 3, the A-gliadins were found to be partially unfolded 
and dissociated into monomers. As the pH was increased, the molecules became 
compactly folded and aggregated to form microfibrils (Figure 2.7). 
pH 3 
(. 
Uv 
PARTIALLY UNFOLDED 
DISAGGREGATED 
Nom" 
ýý 
42) 
ýý ýý 
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ýý 
uý -. , .ý. 
ýý. x 
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CTCY FOLDED 
3REGATED 
Figure 2.7: Schematic representation of the aggregation of A-gliadin subunits into fibrillar 
forms (Kasarda, 1980). 
At pH 5 and at an ionic strength of 0.005 M, electron microscopy revealed that the 
aggregates collected by ultracentrifugation had a microfibrillar structure about 80A in 
diameter and up to 3000 or 4000A long (Kasarda et al., 1967). CD and ORD studies of 
A-gliadin dissolved in 10"5 M HCl at pH 5.0 showed that it was made up of 33-34% a- 
helix (Kasarda et al., 1968). The molecule was found to be more stable than most globular 
proteins. 65% of the helical structure present at 25°C remained when the temperature was 
raised to 90°C. The effects of heating were reversible when cooled. 
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The primary structure of a-type gliadins can be divided into five different domains 
(Kasarda et al., 1984). Domain I consists of non-repetitive N-terminal sequences and of 
repetitive sequences rich in glutamine, proline and aromatic amino acids. Domain II 
contains a polyglutamine sequence with a maximum of 18 residues of glutamine. Domains 
III and V are homologous to the corresponding domains of y-type gliadins and low MT 
subunits of glutenin. Domain IV, is unique to a-type gliadins and is rich in glutamine but 
poor in proline. Most a-type gliadins contain six cysteine residues, located in domain III 
(four residues) and V (two residues). Because of the monomeric character of a-type 
gliadins, and the absence of free sulphydryl groups, it has been assumed that the cysteine 
residues are linked by three intramolecular disulphide bonds (Kasarda et al., 1987). On the 
basis of the sequence homology to y-type gliadins and low Mr subunits, definitive positions 
for disulphide bridges have been postulated for a-type gliadins (Köhler et al., 1993). 
1 120 139 208 270 320 
I lial Ill IV V 
I------I I------------------------------------ 
C 152-C 182 
C183 ------------------------------ C299 
I -------------------------------------- I C 195---------------------------------C307 
Figure 2.8: Proposed disulphide bond structure of a-type gliadins (designation of domains 
to Kasarda et al., 1984, and of cysteine residues according to Köhler et al., 1993). 
The y-type gliadins are single monomeric proteins with only intra-chain disulphide bonds 
and are considered to be the ancestral type of S-rich prolamin (Shewry et al., 1986). 
Complete amino acid sequences of several y-gliadins have been deduced from genomic 
and cDNA sequences (Bartels et al., 1986; Okita et al, 1985; Rafalski, 1986; Scheets et 
al., 1985). These sequences showed a clear domain structure, with a non-repetitive 
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sequence of 14 residues at the N-terminus, an N-terminal repetitive domain based on a 
heptapeptide repeat motif (consensus Pro. Gln. Gln. Pro. Phe. Pro. Gln) and a non-repetitive 
C-terminal domain which contained all the cysteine residues. Structural studies, using 
circular dichroism and structure prediction, indicated that the two domains adopt different 
conformations. Whereas the repetitive domain adopts a ß-reverse turn rich conformation, 
the non-repetitive domain is rich in a-helix (Tatham et aL, 1990b). Scanning tunnelling 
microscopy (STM) and small-angle X-ray scattering (SAXS) results indicated that the y- 
gliadins have a compact conformation, with axial ratios of approximately 1.5: 1 (Thomson 
et al,, 1992). A SAXS study of an S-poor prolamin, C hordein, with a repetitive motif 
(consensus Pro. Gln. Gln. Pro. Phe. Pro. Gln. Gln) similar to that of the repetitive domain of 
the y-gliadins (consensus Pro. Gln. Gln. Pro. Phe. Pro. Gln) has been reported (I'Anson et al., 
1992). The SAXS data indicated that in solution C hordein behaved as a worm-like chain 
(an extended conformation) with a high degree of flexibility. The similarity of the repeat 
motifs would indicate that the N-terminal domain of the y-gliadin may adopt a similar 
conformation in solution to that of C hordein. 
Small deformation oscillatory measurements on gliadin between 50-70°C showed the 
elastic modulus (G') to be roughly equal to the viscous modulus (G") in magnitude, but a 
large increase in G' was observed at temperatures above 70°C (Madeka and Kokini, 
1994). The increase in the elastic component was attributed to crosslinking reactions 
occurring among gliadin molecules, resulting in the formation of a network structure. The 
G' reached a peak at 120°C, and the G" increased to a plateau value in the temperature 
range 90-110°C. On further heating G" fell to a minimum value at 120°C, whereas G' was 
at its maximum, indicating maximum structure build-up. At this point, the aggregation 
reaction appeared to have been completed and a highly crosslinked network formed. On 
increasing the temperature even further, a reduction in G' with a simultaneous peak in G" 
was observed. This indicated a softening of the crosslinked gliadin at 130°C. 
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2.1.1.3 Glutenin 
The glutenin proteins make up 35-40% of flour protein and consist of subunits that form 
large polymers (Mrs above Ix 106 and possibly exceeding Ix 107) stabilised by interchain 
disulphide bonds (Field et al., 1983). After reduction, both HMW and LMW subunits 
were observed by SDS-PAGE. The latter resembled the monomeric a-type gliadins in 
amino acid composition and had Mrs in a similar range. The HMW subunit contain 
significantly less proline and had an Mrs value from 80,000 to 160,000 by PAGE. 
Extensive genetical analysis of the BMW subunits by Payne and co-workers (Payne, 
1987), established that genes coding for the HMW subunits are located on the long arms 
of chromosomes IA, 1B and ID at complex loci designated Glu-Al, Glu BI and Glu Di 
respectively. By contrast, genes for the LMW subunits and the gliadins are located on the 
short arms of the same chromosomes (designated Gli-Al, Gli Bi and Gli DI 
respectively). The BAM subunits consist of nonrepetitive domains of 88-104 and 42 
residues at the N- and C-termini, respectively, separated by a longer repetitive domain 
(481-690 residues). Variation in the repetitive domain is responsible for most of the 
variation in the size of the whole protein, and it is based on random and interspersed 
repeats of hexapeptide and nonapeptide motifs, with tripeptides also present in x-type 
subunits only (Appendix A). Structure prediction indicated that the N- and C-terminal 
domains are predominantly a-helical, while the repetitive domains are rich in ß-turns. 
Several models for the structure of wheat glutenin have been proposed. One of the earliest 
molecular models was that of Ewart (1968). He subsequently modified the model 
in 1972 
and 1979. Ewart's latest model shows one disulphide bond between two adjacent 
polypeptide chains of glutenins, which consist of linear polymers. Ewart pointed out that 
the theological properties of a dough are dependent on the presence of theologically active 
disulphide bonds and thiol groups as well as on secondary forces in the concatenations 
(Ewart, 1979). 
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Kasarda et al. (1976) proposed an alternative model in which glutenin has only the 
intrachain disulphide bonds. They suggested that the intrachain disulphide bonds force 
glutenin molecules into specific conformations that facilitated interaction of adjacent 
glutenin molecules through non-covalent bonds, thereby causing aggregation. 
Khan and Bushuk (1979) proposed a model of functional glutenin complexes that 
contained both inter- and intrachain disulphide bonds. On the basis of results from SDS- 
PAGE, they proposed an aggregate of two types of glutenin complexes, I and II. In their 
model, glutenin I comprised subunits of molecular weight 6.8 x 104 and lower, held 
together through secondary forces, such as hydrogen bonds and hydrophobic interactions: 
glutenin II comprised crosslinked subunits of molecular weights above 6.8 x 104, linked by 
interchain disulphide bonds. 
Shewry et al. (1989) proposed a model for HMW (y-type subunit 9), which has at the N- 
terminus, a non-repetitive sequence of 80-100 residues containing three to five cysteine 
residues. At the C-terminus, there is another non-repetitive sequence of 42 residues 
including one cysteine, this region being identical for all subunits (Appendix A). The 
central region of the polypeptide (490-690) consisted of a number of repeated sequences 
forming ß-turns. From the dimensions of the subunits as determined by hydrodynamic 
measurements, the ß-turns were thought to be organised into a loose spiral (Figure 2.9). 
When glutenin was heated above 50°C there was a dramatic increase in viscosity and G' 
(Schofield et al., 1983), which led to network formation by protein-protein aggregation at 
temperatures > 80°C. At 90°C, glutenin gelled (crosslinked) through the formation of 
disulphide bonds, reaching a maximum structure build-up at 135°C, with a maximum G' 
value and a minimum G" value. As the temperature increased further, G" increased, 
reaching a maximum at 150°C, at which point G' dropped drastically, suggesting softening 
of the glutenin crosslinked network. 
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Figure 2.9: Structure of a typical high-molecular weight subunit of glutenin. 
(Shewry et al., 1989). 
2.1.2 Deamidated Gluten 
Wheat gluten is available as a by-product of the wheat starch industry and is used in food 
applications. The insolubility of gluten in aqueous solutions is one of the major limitations 
for its more extensive use in food processing for example in dairy products. Gluten 
insolubility is due to the high concentration of nonpolar amino acid residues such as 
proline and leucine and the polar but non-ionisable residue glutamine, and to the low 
concentration of ionisable side chains such as lysine, arginine, glutamic acid and aspartic 
acid. The interactions between glutamine and asparagine side chains through hydrogen 
bonds play an important role in promoting association of gliadin and glutenin molecules 
(Beckwith et al., 1963; Krull et al., 1966). Many researchers have developed methods for 
modifying the solubility and functional properties of gluten. Gluten modification via 
deamidation can be achieved in two ways, namely chemical deamidation (acid 
solubilisation) under acidic conditions and high temperature (Wu et al., 1976) or 
enzymatic treatment (Kato et al., 1987; Bollecker et al., 1990; Popineau and Thebaudin, 
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1990). Whether chemically or enzymatically induced, the deamidation of gluten proteins 
resulted in an increased charge density on the protein, causing changes in protein 
conformation due to electrostatic repulsion. These charge-induced conformational changes 
resulted in enhanced surface hydrophobicity due to the exposure of hydrophobic residues 
(Matsudomi et al., 1982). The increased surface hydrophobicity coupled with the presence 
of more negatively charged polar groups resulted in a modified protein with amphiphilic 
characteristics which made an ideal surface active agent for use as an emulsifier or foam 
stabiliser. Even though surface hydrophobicity increased, protein solubility was also 
enhanced due to decreased protein-protein interactions. Levels of deamidation as low as 
2-6% can enhance the functional properties of proteins (Matsudomi et al., 1985; Hamada 
and Marshall, 1989). Acid deamidation has been reported to leave behind an astringent 
mouth-feel, although this can be overcome by extraction with alkaline isopropanol and 
then isopropanol after deamidation (Finley, 1975). 
Deamidation is a hydrolytic reaction, similar to the peptide-bond cleavage reaction, which 
is catalysed by proteases (Jencks, 1969). It is catalysed by acids and bases (nucleophiles), 
and requires a water molecule (Figure 2.10). The general acid, HA, catalyses the reaction 
by protonating the amido -NH- leaving group of the Asn side chain. A general base (the 
conjugate base, AT or hydroxide ion) can attack the carbonyl carbon of the amido group or 
activate another nucleophile by abstraction of a proton for attack on the amide carbon. 
The transition state is inferred to be an oxyanion tetrahedral intermediate, whose 
stabilisation by proton donors increases the rate of the reaction. The order of acid- and 
base-catalysed steps in Figure 2.10 vary with reaction conditions, particularly pH. The pH 
of maximum stability of Asn and Gln in peptides is around pH 6.0. Wright and Robinson 
(1982) showed how specific amino acid side chains are likely to function in catalysing the 
deamidation of Asn and Gln in peptides and proteins. The Ser and Thr side chains can 
function as general acid groups, providing a proton to the leaving group or stabilising the 
transition state. Asp, Glu, and His side chains are all nucleophiles at neutral pH, which can 
attack the carbonyl carbon of the amide side chain or function as general bases to activate 
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nucleophiles. The gluten proteins lack Asp and do not have enough of His (Appendix A). 
Lys and Arg, which correlate with high deamidation rates when next to Asn and Gln in 
sequence , may stabilise the oxyanion 
intermediate. Gluten proteins lack Lys, although 
BAM glutenin has one Lys in the middle of Gin residues. However, there are numerous 
Arg residues next to Gln in HMW glutenins which may influence the reaction rate. The 
y-gliadins and the HMW glutenins, but not the a-giiadin and LMW glutenins have, 
terminal Gln which, may cyclisize with a terminal carboxylate group to form an unstable 
anhydride which may break down to deamidated glutamate (Wright and Robinson, 1982). 
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Figure 2.10: General mechanism of deamidation. 
In studies on model tetra and penta-peptides of different sequences, a broad range of 
deamidation rates was observed (Robinson and Rudd, 1974). Several generalisations were 
made from the sequence dependence of these rate data: 
+ Polar residues preceding Asn and Gin increased deamidation rates. 
" Neighbouring Ser and Thr increased deamidation rates. 
+ Bulky, hydrophobic residues preceding Asn and Gln correlated with low deamidation 
rates. 
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Deamidation in peptides and proteins generally require the participation of a water 
molecule to go to completion. In peptides, there are minimal obstructions to water access 
to the labile amide. However, the more stable protein structures may limit access of water 
to amide groups and so influence the rates of any deamidation reactions. Deamidation 
rates of Asn and Gln residues on the surface of proteins will not be limited by water 
access, while those that occur in the interior of proteins may be. Such a limitation will be 
determined by the static protein structure and by the frequency with which buried Asn and 
On are exposed to solvent during rapid dynamic changes in the structure due to thermal 
motion. 
2.1.3 Soluble wheat protein (SWP) 
SWP is the product of the deamidation (20%) of gluten, produced by AMYLUM NV - 
Belgium. The following properties were provided in the product specification information 
sheet 
2.1.3.1 Properties 
It is a bland, white creamy low viscous sodium-salt of a soluble wheat protein isolate. By 
its unique combination of functional properties like emulsifying capacity, gelling, binding 
and water-retention, the product can be used in several food applications like meat- 
preparations, soups, sauces, dressings, imitation dairy etc. It can also be combined with 
other functional proteins like caseinates, soy isolates, and may result in all types of 
synergies. 
2.1.3.2 Chemical Data 
Protein (N x 6.25): 86%; moisture: 5%; fat: 8%; ash: 5%; carbohydrates: 1%; pH 6.5-7.5. 
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2.1.3.3 Microbiological Data 
Total plate count: max. 5000/gr; Coliforms: absent in 0.1 gr; Moulds: max. 100/gr; 
Yeasts: max. 100/gr; Salmonella: absent in 25 gr; St. aureus: absent in 1.0 gr. 
2.1.3.4 Solubility 
A 1% protein solution was stirred for 30minutes, the pH adjusted and the solution was 
centrifuged at 5000g for 20minutes. The solubility (nitrogen solubility index) was 
expressed at different pH values in % as: 
nitrogen content in the supernatant 
NSI = ----------------------------------------- 
total nitrogen content 
produced a solubility profile shown in Figure 2.11 
NSI 
100 
80 
60 
40 
20 
0 
12345678 
pH 
Figure 2.11: Solubility profile of SWP 
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2.1.3.5 Emulsifying properties 
Three characteristics may be distinguished: 
f Emulsifying capacity (EC) 
Soy-oil was continuously added to l OOm1 of a 1% protein solution up to the reversion 
of the emulsion. The reversion is measured by conductivity. 
(g oil) amount of oil added (in grams) 
EC -------------- _ ------------------------------------ 
(g protein) 1 gram of protein 
Mixer: Janke and Kunkel, RC 166 
Conductivity: WTW LF 530 
f Emulsifying activity (EA) 
An emulsion of 100g soy-oil in 100 ml of a I% protein solution was centrifuged at 
1,300g for 5 minutes. The volume of emulsion phase after centrifugation was compared 
to the total volume. 
volume emulsion phase 
EA(%) _ --------------------------- 
total volume 
f Emulsifying stability (ES) 
This is the ratio of the EA after 30 minutes of heating at 80°C to the EA. 
EA (30' - 80°C) 
ES(%) _ ------------------ x 100 
EA 
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Table 2.1: The emulsifying properties at different pH values. 
pH EC EA ES 
g of/g protein % % 
5 470 52.9 100 
6 570 51.7 100 
7 620 52.5 100 
The emulsifying capacity, in relation to sodium caseinate, is comparable at pH 7 and 
higher at pH 5 and 6. 
2.1.3.6 Gelling properties 
A 15% protein solution was heated in 200ml cans for 60 minutes. 
The gel strength, expressed in grams, was measured at room temperature with a Stevens 
LFRA Texture Analyser (cylindrical plunger 1") to a penetration depth of 40mm at a 
speed of 2.0mm/sec. 
Table 2.2: Effect of temperature and pH on gel strength 
Temperature(°C) pH Gel strength 
95 6 45 
7 48 
105 6 180 
7 260 
120 6 480 
7 370 
SWP (15% - 20% w/v) formed a gel at 115°C. Use of reducing agents such as cysteine 
and bisodium sulphite (Na2SO3) reduced the gelling temperature to 65°C - 70°C, 
accompanied by an increase in gel strength. 
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2.1.3.7 Viscosity 
The solutions were prepared by mixing for 13 minutes (3min. at 2000rpm, 10min. at 
1500rpm). 17.25 to 25g of product per 100m1 (for resp. 15 and 20%). 
The pH was adjusted and the viscosity was measured within the first 3minutes with a 
Brookfield RVT at 20 rpm. 
Table 2.3: Effect of concentration and pH on viscosity. 
Concentration pH Viscosity(mPa. s) 
15% 7 1000 
20% 6 6000 
7 3300 
8 1900 
2.2 Protein Determination 
2.2.1 Lowry method 
2.2.1.1 Principle of reaction 
The spectrophotometric Lowry method (Lowry et al., 1951) uses intrinsic (ultra violet) 
chromophores such as aromatic residues (280nm) or peptide bonds (215nm) or by 
treatment with a reagent to yield a coloured or fluorescent product. The reaction involves 
complexing the protein with Cu2+ in an alkaline solution. The complex is between Cu2+ 
and four nitrogen atoms, two from each of two adjacent peptide chains. In addition, the 
copper catalyses the reduction, by the tyrosine and tryptophan residues, of the 
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phosphomolybdate/phosphotungstate anions in the Folin phenol reagent, added 
subsequently. This latter reaction leads to a blue colour which can be measured at 700- 
750nm. 
2.2.1.2 Materials 
BSA Fraction V powder (96-99%) and Folin-Ciocalteu Phenol reagent were obtained from 
Sigma Chemical Co. Ltd., Poole, Dorset, UK. Disodium carbonate was "Analar" from BDH 
Laboratory Supplies, Merck Ltd, Lutterworth, Leics. 
2.2.1.3 Equipment 
Kontron Instruments Uvikon Spectrophotometer 860. 
2.2.1.4 Reagents 
f Reagent A: (Reagent A= alkaline copper reagent, should be prepared fresh daily). 
" 2% (w/v) Na2CO3 dissolved in 0. iM NaOH (2g of Na2CO3 in 100n-A of 0.1M NaOH) 
[100 parts] 
" 2% (w/v) sodium potassium tartrate (NaKC4H4O6.4H20) [I part] 
" 1% (w/v) CuSO4 in distilled water. [1 part] (last reagent to be added) 
f Reagent B: 
" IN Folin-Ciocalteu 'phenol reagent'. (must be diluted [1: 1] with distilled water from a 
2N commercial preparation and made fresh daily). 
Reagent B= colour reagent. 
9 0.5M NaOH. [Dissolve 20. Og of NaOH in 1000ml of distilled water]. 
Concentration range for assay (0 - 500gg/ml) 
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2.2.1.5 Method 
"A calibration curve was constructed using a solution containing 500µg/ml BSA 
(bovine serum albumin) in duplicate. 
--------------------- 
Calibration Curve 
-- ------------------------------------------------------------- 
test tube numbers 
Additions ---------------------------------------------------------- 
1234567 
----------------------- 
BSA (ml) 
-------------------------------------------------------------- 
0 0.1 0.2 0.4 0.6 0.8 1.0 
H2O (ml) 1 0.9 0.8 0.6 0.4 0.2 0 
conc. (µg/ml) 0 50 100 200 300 400 500 
Add reagent A at timed intervals and mix 
thoroughly on a vortex mixer. 
Reagent A (ml) 5555555 
Incubate for exactly 10 min. at room temperature. 
At the end of 10 min, add reagent B at same timed 
intervals. 
Reagent B (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
mix thoroughly on a vortex mixer. Incubate for 
30 min. at room temperature. 
Read at 720 or 750nm. 
" Protein determination on protein powder samples. 
The protein powder was weighed and dissolved in a measured volume of distilled water. 
5m1 of reagent A was added and thoroughly mixed on a vortex mixer. The sample in 
duplicate was incubated for 10 minutes, after which was added reagent B, and incubated 
for another 30 minutes at room temperature. After 30 minutes, the absorbance of the 
sample was read at 720nm. 
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2.2.2 Kjeldahl Method 
2.2.2.1 Theory 
The method measures the nitrogen content of solids as well as liquids. The sample is digested 
by heating with concentrated sulphuric acid in the presence of a catalyst. The digestion 
converts the organic nitrogen in the sample to ammonia which is retained in solution as 
ammonium sulphate. Addition of sodium hydroxide makes the solution alkaline and ammonia is 
released by steam distillation, trapped or collected in boric acid and titrated against a standard 
acid. The amount of ammonia produced is directly correlated with the nitrogen content of the 
sample. 
2.2.2.2 Materials 
Sulphuric acid and Kjeltabs S/3.5 (Se) 1527-0003 were obtained from BDH Laboratory 
Supplies, Merck Limited, Lutterworth, Leics. Boric acid was "Analar" grade from Hopkins & 
Williams, Chadwell Heath, Essex, England. Methyl red solution was obtained from Sigma 
Chemical Co. Ltd., Poole, Dorset. Sodium hydroxide and hydrochloric acid were obtained 
from May and Baker Limited, Dagenham. 
Equipment 
Tecator Kjeltec System 1 
1007 Digester 
1002 distillation unit 
2.2.2.3 Method 
The method employed for the determination of total protein was according to the AOAC 
methods (Williams, 1984). Protein powder samples (1g) weighed on Whatman No. 1 filter 
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paper were placed into digestion tubes (in duplicate). Whatman filter paper was digested in the 
absence of the protein powder sample and its reading used as a blank. Two selenium tablets 
(catalyst) and 20ml concentrated sulphuric acid were added to each tube and gently swirled. 
The digestion tubes were equipped with exhaust caps. Tap water was used as a vacuum 
source. Digestion tubes with heat shields around them were placed in a preheated digester at 
420°C. Digestion was performed for 5 minutes at maximum air flow. Adjustment of exhaust 
caps to control vapours was carried out according to the manufacturer's recommendations. The 
total digestion time was 2 hours. Tubes with the exhaust caps attached were removed from the 
digester and allowed to cool to room temperature and diluted with 75m1 of distilled water. 
Steam distillation 
The 1002 Distillation unit was set up according to the manufacturer's recommendations. An 
aliquot (30ml) of sodium hydroxide (40% w/v) was dispensed into the tube containing the 
hydrolysed sample and the nitrogenous products distilled over into 25ml of 4% (w/v) boric acid 
solution for 5 minutes, using three drops of Methyl Red as an indicator. The distillate was back 
titrated with 0. IM HCl. . 
The percent nitrogen (N) and protein (P) were calculated using the following formulae 
(Egan et al., 1981): 
%N = {14.01x (sample titrant[ml] - blank titrant [ml] )}/(g of sample xlOO) 
%P =Nx (between 5.71 to 7 depending on protein) 
2.2.2.4 Calculation 
Molar Mass of N2 in NH3 ---------> 14g 
Molar Mass of one substance ie equivalent to Molar Mass of another 
14g of N2 will react with 1000m1 of IN HCl 
14x 1000mg of N2 will react with 1000ml of 1 NHCI 
14mg of N2 -----------------> imi. of 1NHCl 
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1.4mg of N2 --------------> lml. of 0.1N HCI 
Titre value after titration = titration of sample-titration of blank =Y ml. 
%N2 = 1.4 x 100 /wt. of sample(mg) 
Protein =% N2 x (factor) 
Factors: SWP = 5.70; WPI = 6.3 8; B SA = 6.3 8 
2.3 Hydrophobicity 
2.3.1 Theory 
Although many hydrophobic residues are buried in the interior of most native proteins, 
some hydrophobic groups may remain exposed at the surface. In addition, many 
hydrophobic groups are exposed at the molecular surface as the protein denatures. If a 
substance, measurable by some technique, can either bind to or interact with the 
hydrophobic residues of a protein, it can be used to measure conformational change or a 
change of state in the protein. Parinaric acid (9,11,13,15-octadecatetraenoic acid) (PnA), 
has double bonds which form a linear conjugated system, thereby, making it fluoresce. 
There are two isomers of parinaric acid, the a-isomer (cis-trans-trans-cis, I) and the 13- 
isomer (all trans, II). The a-isomer (I) which is also known as cis-parinaric acid is the 
natural product isolated from the seed kernel of Parinari laurinum (Eckay, 1954). The 0- 
isomer (II) also known as trans-Parinaric acid is obtained by treatment of the a-isomer 
with iodine (Sklar et al., 1977a). 
(CH2)7 COON I 
H 3C 
H3C i (CH2)7 COON IL 
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Both isomers have four double bonds, absorb in the 300-320nm range and with an 
emission maximum at 410nm (Sklar et al., 1975; 1977b). Partition experiments involving 
mixed populations of phospholipid vesicles show that trans-parinaric acid preferentially 
associates with solid-phase lipids, while cis-parinaric acid shows a more equal distribution 
between solid and fluid lipids (Sklar et al., 1977a). Surface hydrophobicity is a measure of 
the extrinsic fluorescence of a protein in its native state whereas exposed hydrophobicity, 
is measured after a conformational change has occurred in the molecule. The foaming 
properties, as well as other surface-active properties of proteins may be related to surface 
hydrophobicity, based on the fact that hydrophobic segments of globular proteins gain 
considerable entropy by unfolding into the apolar air phase in a foam, thus favouring 
adsorption and intermolecular interactions between contiguous polypeptides at the 
interface, which is important in stabilizing films (Horiuchi et al., 1978; Townsend and 
Nakai, 1983; Kato et al., 1985). The contribution of hydrophobic effects to the functional 
properties of foods has received considerable attention in recent years (German and 
Phillips, 1989; Kinsella and Phillips, 1989; Li-Chan and Nakai, 1989). Li-Chan and Nakai 
(1989) developed equations which incorporate protein hydrophobicity as a significant 
variable to predict functionality. This was referred to as the quantitative structure-activity 
relationship, QSAR (Nakai and Li-Chan, 1985; Li-Chan and Nakai, 1989). Li-Chan and 
Nakai (1989) found little correlation between surface hydrophobicity and foaming. They 
suggested that the poor correlation was the result of the change in surface hydrophobicity 
upon unfolding a protein at an interface. Therefore, a measure of surface hydrophobicity in 
solution may be quite different to the actual surface hydrophobicity of a protein at an 
interface (Li-Chan and Nakai, 1989). On the other hand exposed hydrophobicity showed 
significant correlation with foam capacity. 
2.3.2 Materials 
cis-Parinaric acid (CPA): K+K Rare and Fine Chemicals, Kodak 
Ltd., Kirkby, Liverpool. 
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Butylated hydroxyanisole (BHA): Sigma Chemical Co. Ltd., Poole, Dorset (Catalogue 
No. B1253). n-Decane: BDH Chemicals Ltd., Poole, Dorset (Catalogue No. 28001) 
Sodium dodecyl sulphate (SDS): Sigma Chemical Co. Ltd. (Catalogue No. L4509) 
2.3.3 Reagents 
cis-Parinaric acid was made up in absolute ethanol containing 1Opg/ml BHA (to prevent 
oxidation) at a concentration of 3.6x 10-3M, purged with nitrogen. The solution was stored 
in a dark bottle to exclude light in a sealed container at 40C. 
M. W. of cis-Parinaric acid = 275.6 (Nakai, 1983). For convenience of storage, 100m1 of 
0.036M cis-Parinaric acid solution containing 100µl/ml BHA was prepared. As required, 
the working solution was prepared by a1 in 10 dilution with absolute ethanol, thus giving 
the desired concentration of cis-Parinaric acid and BHA. 
0.036M cis-Parinaric acid----------> 0.992g in 100ml abs. ethanol. 
0.1M Phosphate buffer pH 7.4 containing 0.002% (w/v) SDS was prepared as follows 
(Dawson et al., 1972) : 
Solution X: (0.2M Na2HPO4). 7.16g disodium hydrogen phosphate (Na2HPO4.12H20) 
was dissolved in and made up to 100ml with distilled water. 
Solution Y: (0.2M NaH2PO4). 3.12g sodium dihydrogen phosphate (NaH2PO4.2H20) 
was dissolved in and made up to 100ml with distilled water. 
40.5ml solution X and 9.5m1 solution Y were mixed, 0.02g SDS added and the solution 
made up to 1 litre with distilled water. 
Protein sample: 0.1% protein stock solution (w/v) in 0.1M Phosphate buffer, pH 7.4. 
2.3.4 Equipment and Operating Conditions 
A Perkin-Elmer LS-5 Luminescence spectrophotometer, was set up as follows: 
Excitation .................................................................................... 
325nm 
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Emission 
..................................................................................... 420nm 
Slit Width, Excitation 
................................................................... 
10mm 
Slit Width, Emission 
.................................................................... 
10mm 
Fixed Scale 
................................................................................. 
1 
Standardisation of the instrument was achieved by zeroing it with a mixture of decane 
(2ml) and cis-parinaric acid (l0µ1). The solution was mixed by inverting the cell two 
times. The instrument was then set so that the resulting fluorescence was 45%. (see 
calibration below) 
Method of Operation of Instrument 
" Switch on socket LS-5 Plug 
" Switch on Instrument switch ( right back-black button) 
" Excitation wavelength (325nm) - Set by( i) Press "Ex Key" 
(ii)Keyin325 
( iii) Press "Go to i, " 
Left hand. 
" Emission wavelength (420nm) - (i ) Press "Em Key" 
(ii)Keyin420 
( iii } Press "Go to i, " 
Right hand. 
" Fix shutter size - 10mm for both Excitation and 
Emission. 
" Calibration of LS-5 ( for 45% fluorescence) 
(i ) 2m1 decane solution + 1Oµ1 cis-Parinaric acid - insert into 
instrument and key in "1" to 
fix scale ( 1-> 0). 
Press 'rFix Scl" (Fix Scale). 
(ii ) For 45% fluorescence key in "450" and press "Auto Conc" Key. 
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The display momentarily went off - but the "auto conc" key was not altered during the 
experiment. 
2.3.5 Method 
The hydrophobicity of unheated and heated SWP was determined by the method of Kato 
and Nakai (1980), using cis-parinaric acid (CPA) as a fluorescent probe (Sklar et al., 
1976; Sklar et al., 1977c). cis-Parinaric acid was made up in absolute ethanol containing 
10pg/ml BHA (to prevent oxidation) at a concentration of 3.6x10-3M, purged with 
nitrogen. The solution was stored in a dark bottle to exclude light in a sealed container at 
4°C. Surface hydrophobicity of SWP samples was carried out using diluted stock solutions 
of the samples in 0.1M phosphate buffer to obtain a range of protein concentrations; 
0.001% to 0.1% (w/v). To a 2m1. aliquot of each solution, 10µl CPA was added. The 
parinaric acid-protein conjugate was then excited at 325nm and the fluorescence intensity 
measured at 420nm. The net fluorescence intensity at each protein concentration was 
determined by subtracting the fluorescence intensity of each sample without CPA from the 
fluorescence intensity of the corresponding sample containing CPA. Exposed 
hydrophobicity was undertaking to find the effect of heat denaturation on the 
hydrophobicity of the protein samples using 1.5% (w/v) protein stock solution. The 
samples were placed in boiling water for 10 minutes, cooled on ice and the hydrophobicity 
was measured as described for the surface hydrophobicity measurement. The initial slope 
of fluorescence intensity vs. protein concentration plot was used as an index of the protein 
hydrophobicity. 
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CHAPTER 3 
3.0 PHYSICO-CHEMICAL PROPERTIES OF GLIADIN, DEAMIDATED 
GLIADIN AND SOLUBLE WHEAT PROTEIN. 
3.1 Introduction 
At present there is no x-ray crystallographic data on the gluten proteins, which means 
that both the secondary and tertiary structures of the gliadins and the glutenins are 
unknown. This project is concerned with elucidating the mechanism of interaction 
between SWP and other proteins. The structures of the other proteins used have been 
elucidated. It was found necessary, therefore, that studies should be carried out on 
one of the proteins in SWP to complement the interaction experiments in chapters 5, 
6 and 7. Gliadin and deamidated gliadin were selected because gliadin is the least 
studied protein of the gluten proteins and the information on deamidated gliadin 
could give an insight into the effect of deamidation on the structure of gliadin and 
how deamidated gliadin interacts with the other proteins. 
3.1.1 Small Angle Neutron Scattering (SANS) Studies 
3.1.1.1 Theory 
Light scattering and small-angle x-ray scattering are based on electromagnetic 
radiation, while small-angle neutron scattering is based on particle radiation. The 
interaction between light and the collective electrical charges of a molecule produces 
an electric field. Neutron beams, on the other hand, interact with the nuclei of atoms 
via a strong nuclear force (called nuclear scattering). They also interact with unpaired 
spins of a molecule, if any, via the magnetic dipole (called magnetic scattering). 
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There are six types of neutron scattering. The type of neutron scattering depends on 
the incident wave frequency vo and the scattered wave frequency v. If vo is equal to v, 
we have coherently scattered radiation; if not, we have incoherently scattered 
radiation. In coherently scattered radiation, phases of the electric and magnetic fields 
of incident radiation and those of the scattered radiation are in definite relation to 
each other. 
The scattering events may or may not involve an energy change. If no energy change 
takes place, the scattering is elastic; if an energy change takes place, the scattering is 
inelastic. If an energy change is very small and if there is a Doppler shift (that is, a 
frequency shift), then the scattering is quasielastic. Thus, there are six different types 
of scatterings: coherently elastic scattering, incoherently elastic scattering, coherently 
inelastic scattering, incoherently inelastic scattering, coherently quasielastic 
scattering, and incoherently quasielastic scattering. Coherently elastic scattering of 
neutrons measures the correlation between scattering centres and is, therefore, useful 
to the study of the conformation of polymers. This aspect led to the selection of 
neutron scattering for the present study, in order to obtain information about the 
structure of gliadin and the effect of deamidation on the conformation of gliadin. 
The principle of the wave-particle duality of matter according to de Broglie and 
Schrödinger (Gamow and Cleveland, 1969; Harvey, 1969; Beiser, 1995) considers 
neutrons as waves. To a particle of mass m and velocity u, de Broglie assigned a 
wave of frequency v and wavelength ? given by 
A, =h/mu, v=E/h (3.1) 
where h= Planck's constant. Since h and m are fixed, control of the wavelength 
can be exercised by moderating the velocity of the neutrons, and hence the higher the 
velocity of the neutrons, the shorter the wavelength. For a particle moving along the 
x-axis of a coordinate system, if its linear momentum is p, then its 
kinetic energy is 
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p2 /2m. If the potential energy of the particle is V(x), which is some function of x, 
then the total energy of the particle is 
2 
E=p /2m + V(x) (3.2) 
The operators which represent momentum and energy are 
aIN (3.3) 
E_-(h/i)a/ t (3.4) 
where 
i=h/2r 
and i is a complex number (Beiser, 1995). 
Partial differentiation is to be performed on both the p and E operators with respect 
to x and t respectively. In each case, the operand is a function which is given the 
symbol T. Substituting the operators and their operands into equation (3.2) gives 
- (//i) öY/ät = 1/2m(t/i )2 ö2T/öx2 + V(x)T 
or 
- (h/i) öw/ät = -(1/2m) 
ßt2 ö2}/N2 + V(x)'P (3.5) 
The wave equation (3.5) can be separated into two equations, one of which has t as 
its only variable, while the other contains only x. The latter equation, is called the 
time-independent Schrödinger equation, and has the form 
ö2W1 c'x2 + 2M/h2 [E - V(x)] W(x) =0 (3.6) 
Scattering from a single atom can be represented schematically as shown in Figure 
3.1. Essentially, a planar wave along the z axis, represented by W(z) = exp(i k z), is 
incident uvon the particle and is then rescattered by the particle in all directions in the 
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form of a spherical wave, which can be represented by i4r(r) = (bo / r) exp(i k r). ko , 
the wave vector of the neutron, is related to its wavelength by: 
I k. I= 27c /X 
The scattering energy is distributed over the surface of a sphere of surface area 4nr2, 
the minimum value of which is 4irb 2. The quantity bo is known as the neutron 
scattering length and since neutrons are scattered by the nucleus of the atoms bo is of 
the order of 10"12 cm for all nuclei. 
Figure 3.1: The incident plane wave and spherically symmetric scattered wave from a 
single nucleus (Newport, Rainford and Cywinski, 1988). 
In a neutron scattering experiment the quantity to be determined is called the partial 
differential cross section (the p. d. c. s. ), d2ß /dfldE'. This function depends on the 
energy and momentum transferred from the neutron to the sample. In the most 
general case the p. d. c. s. is a function of four variables since the momentum transfer is 
a vector quantity with three components. In elastic scattering, where the neutron 
does not transfer any energy to the sample, the elastic differential cross section is a 
function of momentum transfer only. From the number of neutrons counted in a 
detector, the mean values for 8,4) and E' can be defined (Figure 3.2). 9 is the angle 
through which the neutron has been scattered, i. e. the angle between the incident and 
the scattered beam. Tha paths of the neutrons which are scattered through 0 form a 
cone so a second (azimuthal) angle, 4), is also needed to define the detector position. 
E' is the energy of the scattered neutron. 
82 
detector 
Z 
ýý, 
\ý 
\ý 
\ý 
ýý 
ýý 
8 ýi 
iý 
iý 
ýý 
ý 
ýý 
/11 
ý\ 
scattered neutrons 
energy E' 
AR 
y 
incident neutrons 
energy Eo 
Figure 3.2: Geometry of scattering problem (Lovesey, 1984) 
The detector will in fact count the neutrons arriving within a solid angle of AQ and 
an energy interval AE' centred on (0, ý) and E' respectively. Together with E0, the 
incident energy of the neutron, 0,4 and E' make up the four variables needed to 
define the p. d. c. s. 
We need to be able to relate the number of neutrons detected to the p. d. c. s.. If it is 
assumed that we have a steady, monochromatic beam of neutrons with energy E0, 
and a target consisting of a single scattering centre and a perfectly efficient detector 
(one which counts every neutron that hits it) and also that no counts arise from 
background radiation or electronic noise. Then the p. d. c. s. is given by: 
d26 /df2dE'-1 ( e, ý, Eo, E' / t,, (Eo) aQ AE' 
where I (8,4, E0, E') is the intensity (neutrons/unit time) measured at the detector 
onA T f? \ ;ý the inrit1 i, t ; nfPnsity (neutrons/unit area/unit time). As the solid angle 
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is dimensionless the p. d. c. s. has the dimensions of area/energy. The quantities Ac and 
AE' determine the resolution of the spectrometer. The factors which contribute to & 
and AE' depend on the instrument used. An account of how these quantities are used 
to calculate the instrumental resolution on a pulse source is given by Windsor (1981). 
3.1.1.2 Neutron source 
There are two types of neutron sources - reactors and pulsed sources. In reactors, a 
nuclear chain reaction produces a continuous flux of neutrons (Appendix B). In the 
latter, sharp bursts of high energy protons or electrons from an accelerator hit a 
heavy metal target and chip off neutrons, also in sharp bursts. When the neutrons 
emerge from the nuclei that produce them they have very large energies and are in a 
very real sense 'too hot to handle'. In a moderator the neutrons are scattered many 
times within a suitable medium, exchanging energy at each collision until they achieve 
approximate thermal equilibrium with the moderator material. A proton linear 
accelerator injects 70 MeV H- ions into the outside of the main 800 MeV proton 
synchrotron ring. Under the magnetic field in the synchrotron, positive ions bend into 
the ring direction. At the instant that they are tangent to the ring, they pass through a 
stripper foil which removes the two electrons to give a bare proton moving with the 
opposite curvature along the ring path. When the accelerator cycle is complete, a fast 
kicker magnet extracts the pulse of protons, and sends it down a beam transport line 
to the target station. The actual target is a set of depleted uranium plates, cooled by 
heavy water. The short, 0.6µS long, pulse of fast neutrons produced must be 
moderated to produce neutrons of the energies required for scattering experiments 
with only the minimum broadening of the pulse. This is achieved by using thin 
moderators loaded with neutron absorbing poisons which seek to prevent the build 
up of the equilibrium Maxwellian distribution, which is only obtained at the expense 
of a broader pulse. Cold moderators are used both to increase the flux of cold 
neutrons, and also to shift the broad Maxwellian to lower energies and so preserve 
the sharpest possible pulses. 
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The ISIS facility at the Rutherford Appleton laboratory consists of three major parts. 
A fast cycling proton synchrotron (design current 200µA at 800 MeV) delivers 0.4 
p. s proton pulses at 50 Hz to a heavily shielded target station containing a MU 
spallation target. The target produces about 25 neutrons per proton with energies in 
the MeV range. These neutrons are slowed down in four moderators at three 
different spectral temperatures, and are then delivered to a large experimental hall 
which is designed to accommodate up to 20 neutron scattering instruments (Fig. 3.3). 
3.1.1.3 Experimental method and corrections to data 
In an experiment the incident intensity, 1o (E. ), will vary with time. This is not a 
problem since what is required is the ratio I/IL which is proportional to: 
N( 8,4, E0, E') /No (E0). 
N. and N are respectively the total number of neutrons hitting the sample and the 
total number which are scattered into the detector during the course of the 
experiment. The number of neutrons counted will be less than the number hitting the 
detector because no detector is perfectly efficient. The detector efficiency, nd (E') is 
the probability that a neutron hitting the detector is counted and will generally vary 
with the energy of the neutron. Detector saturation should also be avoided. After the 
detection of each neutron the detector has a finite dead time during which it is unable 
to register another count. The dead time is approximatly 10-5 seconds. Provided the 
detector has not been saturated then, 
N'd-ndN 
where N'd is the number of neutrons which are detected after scattering from the 
sample. The number of neutrons incident on the sample cannot be measured directly. 
Instead M., (E0) is measured, which is the number of neutrons countered by a 
`monitor' placed in the incident beam just before the sample. 
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Figure 3.3: The Experimental Hall at ISIS, Rutherford Appleton Laboratory 
The number of neutrons hitting the sample will be proportional to MO, such that: 
No (E0) =M (E0) /a (E®) 
a (E0) will depend on the monitor efficiency, the cross-sectional area of the sample 
and the intensity profile of the beam. The counts registered by the detector during an 
experiment originate in many ways and the most important are illustrated in Figure 
3.4. They are: 
40 Neutrons from the incident beam which have been scattered once by the sample. 
" Neutrons from the incident beam which have been scattered more than once by 
the sample (multiple scattering). 
" Neutrons from the incident beam which have been scattered by the sample 
container in front of the sample. 
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" Neutrons from the transmitted beam which have been scattered by the sample 
container after passing through the sample. 
" Neutrons, and other forms of radiation, which arise from the neutron source but 
not from the incident beam. 
" Electronic noise and radiation arising from external sources such as cosmic rays. 
A 
me 
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Figure 3.4: Sample independent background 
Figure 3.4 also indicates those neutrons absorbed by the sample and those that pass 
through the detector. Monitor 1 is the incident beam monitor used to normalise the 
measured counts. Monitor 2 is a similar, low efficiency detector placed in the 
transmitted beam. A well designed experiment should minimise all processes except 
neutrons from the incident beam which have been scattered once by the sample. 
3.1.1.4 Small-angle scattering 
The study of the sizes and shapes of biological molecules rests on the basic 
----ering by ordinary optical diffraction theory. It was 
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shown (Guinier, 1963) that the scattering by a collection of particles will fall off with 
the scattering angle 20 according to the expression 
I(Q) - I(0)exp(-Q2R /3) (3.7) 
where Q is the momentum transfer vector, with a numerical value equal to (4n sine ) 
/ X. which approximates to 41t9/ß at small angles, and R is the radius of gyration for 
scattering. By analogy with classical dynamics, R2 is defined as the mean value of the 
square of the distance of each scattering atom from an axis drawn through the centre 
of gravity and parallel to the scattering vector, assuming that each contribution to the 
summation is weighted by the atomic scattering amplitude of the atom. It follows 
from equation (3.7) that 
In I(Q) = In 1(0) -Q2R/3 (3.8) 
In the case of the scattering by macromolecules in solution the scattering depends on 
the amount by which the resultant scattering amplitude of the molecule exceeds the 
scattering of the molecule which it displaces. Accordingly the scattering per unit solid 
angle, at a particular value of Q is given by 
(d6 /df 2) = 11: bi exp(iQ. r; ) - ps 
S 
exp(iQ. r)dr }2 (3.9) 
where ps is the scattering-length density of the solvent. The summation is made over 
the various atoms in the molecule, of scattering length bi and position vector rl, and 
the integral is taken over the volume of solvent excluded by the molecule. In aqueous 
solutions the value of ps can be controlled by varying the hydrogen / deuterium ratio 
in the water. It is convenient to define p(r) as the scattering-length density at any 
position r in the molecule and to re-write equation (3.9) in the form 
(da /dfl )= {5 p(r) exp(iQ. r)dr - ps 
5 
exp(iQ. r)dr }2 (3.10) 
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Stuhrmann (1974) has shown that it is advantageous to divide the scattering into two 
new components dependent respectively on the external shape of the molecule and on 
its internal fluctuations of scattering-length density. A quantity pm is defined as the 
average value of the scattering-length density over the molecule and equation (3.10) 
is re-written in the equivalent form 
(da /dn) ={S [p(r)-pM] exp(iQ. r)dr + [pm - pS ] 
Sexp(iQ. 
r)dr 12 
=(pMV)2{ 1/pMVJ [p(r)-pM] exp(iQ. r)dr + [pm - ps ]/pM(l/V) 
fexp(iQ. 
r)dr}2 
(3.11) 
(3.12) 
This can be written in terms of two form-factors, FMMI(Q) and Fshape (Q), defined by 
FMo1CQ) - 1/PMVJ [P(r)-PM] exp(iQ. r)dr (3.13) 
and 
Fshape (Q) = (1/V) 
$exp(iQ. 
r)dr (3.14) 
as (dß /d9) _ (PMV)2 {FM (Q) + [PM - PS I/PM Fshape(Q) 
}2 (3.15) 
( Higgins and Benoit, 1994; Feigin and Svergun, 1987) 
3.1.2 Atomic Force Microscopy(AFM) 
3.1.2.1 Theory 
The atomic force microscope (AFM) is a member of a new class of microscopes 
termed the scanning probe microscopes (SPMs). Unlike optical and electron 
microscopes which `look' at the sample, the probe microscopes image by `feeling' 
ýý5ýPýg, ; ý; ý IL me first of the probe instruments to be developed was 
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the scanning tunnelling microscope (STM) which earned its inventors, Gerd Binnig 
and Heinrich Rohrer the Nobel Prize in physics in 1986 (Binnig et al., 1982). The 
principle at the heart of the STM results from one of the most intriguing aspects of 
modern physics - quantum mechanics. Imagine a simple electrical circuit such as the 
light switch in a room. When the electrical contacts in the switch are closed, a current 
flows and the light comes on. Now imagine a similar situation where the contacts are 
very close, but not quite touching. Surprisingly, quantum theory suggests that a small 
current can still flow if the separation between the contacts is very small - of the 
order of nanometers. In STM, a small, yet sharp, metallic probe is positioned a few 
nanometres above a sample adsorbed onto a very flat conducting substrate. To scan 
the surface the tip is pushed toward the sample until the electron clouds of each 
gently touch. The application of a voltage between the tip and sample causes 
electrons to flow through a narrow channel in the electron clouds. This flow is called 
the tunnelling current. Since the density of an electron cloud falls exponentially with 
distance, the tunnelling current is extremely sensitive to the distance between the tip 
and the surface. A. change in the distance by an amount equal to the diameter of a 
single atom causes the tunnelling current to change by a factor of as much as 1000. It 
is this sensitivity that is the key to the operation of the STM (Figure 3.5). 
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Figure 3.5: Schematic representation of a conducting STM tip over a sample 
adsorbed onto a conducting graphite substrate. 
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Piezoelectronics provide the answer to positioning the tip. Compression of a sample 
of material that has piezoelectric properties generates a potential difference across the 
material. Conversely, the application of electrical signals across piezoelectric 
materials can be used to control the expansion or contraction of these materials to a 
high degree of accuracy. The effect is used to position, and also scan, the conducting 
probe of the STM over the surface of the sample. Rather than simply monitoring the 
tunnel current during a scan, it is usually more convenient to control the vertical 
displacement of the probe by means of a feedback circuit designed to maintain a 
constant tunnelling current. The motions of the probe can then be amplified so as to 
visualise the surface features of the sample. Maintaining a constant tunnelling current 
makes it possible for the probe to lift over rather than `crash into' samples deposited 
on the conducting substrate. STM has limited applications in biology because the 
material under study has to be conducting. 
In 1985 Binnig, together with Calvin Quate and Christopher Gerber introduced the 
atomic force microscope (AFM), a scanned-probe device that does not need a 
conducting specimen (Binnig et aL, 1986). In the AFM, the probe is mounted on a 
`soft' spring, and is brought into contact with a surface such that it experiences a very 
small interaction force, usually of the order of nano-newtons. The probe is then raster 
scanned across the surface, while maintaining a constant force between the tip and 
the sample (Figure 3.6). These deflections of the cantilever, which are caused by 
changes in surface stiffness or topography, allow the AFM to record topographic 
contours of a surface. The forces are governed by the interaction potentials between 
atoms. The interaction is attractive at large distances due to the van der Waals 
interaction. At short distances the repulsive forces have their origin in the quantum 
mechanical exclusion principle, which states that no two fermions can be in exactly 
the same state, that is, have the same spin, angular momentum, and location. This 
principle allows different modes of imaging in AFM. The basic mode of operation is 
known as the contact or DC mode, in which the tip is held a few angstroms above the 
surface. The surface and the tip interact by repulsive forces. The alternative method 
of measurement is known as the non-contact or attractive mode. In such 
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measurements, the tip is held some tens of angstroms above the surface and is 
oscillated at a frequency above its natural resonant frequency. Although the non- 
contact mode may be recommended for the study of soft materials such as biological 
and certain polymeric specimens, however, the disadvantage of this method is a loss 
in lateral resolution as compared to the contact mode. 
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Figure 3.6: A schematic representation of imaging using atomic force 
microscope. 
3.1.3 Circular Dichroism (CD) 
3.1.3.1 Theory 
Circular dichroism is a chiroptical technique which is similar to optical rotatory 
dispersion (ORD). These methods measure the wavelength dependence of the ability 
of an optically active chromophore to rotate plane-polarized light (ORD) and the 
differential absorption of right and left circularly polarized light (CD). Light is an 
electromagnetic wave consisting of an oscillating electric (E) field and a magnetic (H) 
field, both of which can be represented by mutually perpendicular vectors. The plane 
of polarization is defined as the plane of the E vector. Because a light source usually 
consists of a collection of randomly oriented emitters, the emitted light is a collection 
of waves with all possible orientations of the E vectors. Plane-polarized light is 
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usually obtained by passing light through an object that transmits light with only a 
single plane of polarization. 
Suppose that two plane-polarized waves differing in phase by one-quarter wavelength 
(i. e., when one sine curve crosses the axis of propagation, the other is at a maximum 
or minimum), whose E vectors are perpendicular to one another, are superimposed. 
As the waves propagate forward, the result E vector rotates so that its tip follows a 
helical path. This is also true of the magnetic field vector. Such a light is called 
circularly polarized and is defined as right circularly polarized if the E vector rotates 
clockwise to an observer looking at the source. 
If a right (R) and a left (L) circularly polarized wave, both of equal amplitude, are 
superimposed, the result is plane-polarized light, because at any point in space the E 
vector of each will sum as shown in Figure 3.7A. Similarly, plane-polarized light can 
be decomposed into R and L components. If the amplitudes of the two circularly 
polarized waves are not the same, the tip of the resultant E vector will follow an 
elliptical path and such light is said to be elliptically polarized (Figure 3.7B). 
1 
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ER 
Figure IT Diagrams showing how right and left circularly polarized light combine: 
(A) if the two waves have the same amplitude, the result is plane-polarized light; and 
(B) if their amplitudes differ, the result is elliptically polarized light with a and b as 
their major and minor axes. 
A parameter called the ellipticity, 0, is often used to describe the elliptical 
polarization. This is the angle whose tangent is the ratio of the minor and major axes 
of the ellipse shown in Figure 3.7B - that is, 8= tai-' (b/a). When a beam of light 
nci rýi«ýixnmý etic field) passes through matter, the electric (E) 
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vector of the propagating wave interacts with the electrons of the component atoms. 
This interaction has the effect of reducing the velocity of propagation (also called 
retarding the light) and in decreasing the amplitude of the E vector. Reducing the 
velocity of propagation is called refraction and is described by the index of 
refraction, n, and decreasing the amplitude of the E vector is absorption and is 
described by the molar absorption coefficient, c. Both n and c depend on wavelength 
in a way that reflects the electronic structure and geometry of the molecules. 
For most substances, simple refraction and absorption are the only detectable result 
of such an interaction even if the light is polarized. However, the behavior of some 
molecules is sensitive to the plane of polarization of the incident light. Such a 
molecule or chromophore is called optically active and is characterized by having 
distinct indices of refraction, nL and nR, and molar absorption coefficients, EL and CR, 
for left and right circularly polarized light, respectively. The property that determines 
whether a chromophore is optically active is its asymmetry. If a molecule is 
asymmetric in the sense that it cannot be superimposed on its mirror image, it is 
optically active. If a substance retards both L and R equally (i. e., if the indices of 
refraction for L and R circularly polarized light, nL and nR, are the same), the L and R 
waves will recombine on leaving the substance to form plane-polarized light, with the 
plane of the transmitted beam being the same as that of the incident beam. However, 
if nL and nR are unequal, the transmitted L and R components are each retarded to a 
different extent so that on leaving the material the phases of the two sine waves differ 
(Figure 3.8). Henceforth, at any point in space, the E vectors of the L and R waves 
combine to form a beam of plane-polarized light whose angle differs from that of the 
plane of polarization of the incident wave; hence, the plane of polarization of the 
resulting wave will be rotated. For any substance that interacts in this asymmetric 
way, the extent of the rotation produced by a sample of a given volume depends on 
the number of chromophores with which the wave interacts - that is, on the 
concentration of the molecules multiplied by the path length, d, and on the 
wavelength, X, of the light - because n is always a function of X. 
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Figure 3.8: Rotation of the plane of polarization; (A) both right and left circularly 
polarized light are retarded equally so that the resultant E vector remains in the same 
plane; (B) the left circularly polarized light is retarded more than the right so that the 
resultant E vector changes orientation (Because the amount of retardation is 
proportional to the distance the light travels, the E vector will rotate clockwise with 
increasing optical pathlength). 
So far, only the retardation of R and L waves has been considered, but it is also of 
interest to know what happens to the intensity of each as these waves pass through 
matter. If the substance is optically inactive, the absorption of each is equal. If, on the 
other hand, the material is optically active, then in the range of wavelengths in which 
absorption occurs, there will be, for each wavelength, differential absorption of L and 
R circularly polarized light. This difference is usually expressed in terms of the 
absorption coefficients for L and R light, 6L and ER; that is, 
8L - 6R = 
AC 
in which A& is called the circular dichroism, or CD. It is positive if EL - &R> 0 and 
negative if EL - &R< 0. If a given optically active molecule has positive 
CD, then its 
mirror image will have a negative CD of precisely the same magnitude. It is useful to 
see the relation between an ordinary dispersion curve (i. e., the index of refraction, n, 
versus wavelength, k), the ORD curve (which is , 
in fact, An = nL - nR versus ), ), a 
standard absorption curve (e versus 2, ), and a CD curve (Ac =FL - ER versus X). 
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For CD measurements, in principle two light sources are needed, one for L and the 
other for R circularly polarized light, each provided with a monochromator for 
wavelength selection. However, L and R light may be generated from a single source 
by passing plane-polarized light through a crystal that is subjected to an alternating 
electric field. This crystal (called an electrooptic modulator) has the remarkable 
property that the polarity of the field determines whether the L or R component of 
the light is transmitted. Because the field is alternating current, the beam continually 
modulates from the production of L to the production of R light. This beam then 
passes through the sample cell followed by a photomultiplier which produces a 
voltage that is proportional to the ellipticity. The ellipticity 8 is automatically plotted 
as a function of wavelength to give the CD spectrum. 
The theory of optical activity is not yet capable of yielding the precise structure of a 
protein from its CD spectrum. The complications are that the chromophore is 
asymmetrically perturbed by neighbouring groups; the peptide bond (which is the 
principal element whose spectrum is detected by CD) exists in many conformations 
depending on its precise location in the protein, and the spectrum is a result of an 
average of the various conformation parameters. 
Hence, in practice, an empirical approach of obtaining an ORD or CD spectrum for 
molecules whose structure is accurately known from X-ray diffraction is used, and 
the spectrum is related to the structural features of the molecule. This spectrum is 
then compared with the spectrum of a protein of unknown structure. Because of the 
lack of adequate theory, the approach to the elucidation of the secondary structure of 
a protein has been to determine empirically ORD or CD curves for model 
polypeptides. (A model polypeptide has only a single conformation and its structure 
is known from X-ray scattering). Then an attempt is made to construct from these 
`standard' curves a weighted sum that is the same as the observed curve of the 
sample. For proteins, the principal standards are three forms of poly-L-lysine: a- 
helix_ ß-sheet. and the random coil. The concept of using poly-L-lysine was first 
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demonstrated by Holzwarth and Doty (1965). Yang and coworkers developed 
computational methods for fitting the entire spectrum of a protein to a weighted sum 
of the three major secondary structure spectra based on a poly-L-lysine reference set 
(Yang et al., 1986). While this method provides good estimates of secondary 
structure, it ignores the contributions of other chiral components of proteins, such as 
the aromatic amino acids, that contribute to the far UV CD spectrum. For this reason 
several groups have developed reference sets based on the CD spectra of proteins 
whose secondary structure is well known from crystallographic data. Chen and Yang 
(1971), developed a reference set based on five proteins, while Chang et al. (1978) 
used a total of 15 proteins to develop their reference spectra. The use of a protein 
based reference set provides slightly better estimates of secondary structure for 
globular proteins, and has the added advantage of allowing one to estimate beta turn 
content as well as the three major secondary structural types. Figures 3.9 and 3.10 
show the major CD spectra associated with various secondary structures. 
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Figure 3.9: CD spectra associated with various secondary structures: a-helix( )' 
anti-parallel ß-sheet (----), ß-turn type I (...... ), left handed extended 31-helix 
from Brahms and Brahms (1980); Drake et al. 
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Figure 3.10: The major secondary structure classes and their associated CD spectra. 
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3.1.4 Hydrodynamic Studies 
3.1.4.1 Theory 
When any substance moves across a surface, the motion is impeded by friction. If the 
substance is a liquid, this friction generates the effect called viscosity. Flow in a liquid 
generates a velocity gradient which produces a kind of deformation called shear. 
Newton showed that the frictional force f between the layers in a liquid is 
proportional to the area A of the layers and to the velocity gradient dv/dy between 
them; that is, 
f= h A(dv/dy) 
where '9 is the coefficient of viscosity, or simply the viscosity; f/A = F, the shear 
stress; and dv/dy = G, the shear gradient, or shear rate. If il is a constant, the fluid is 
called Newtonian; if r is a function of F or G, the solution is called non-Newtonian. 
The addition of macromolecules to a solvent with viscosity rk, yields a solution of 
higher viscosity, q. This can be thought to result from increased friction between 
adjacent unimolecular liquid planes caused by the fact the macromolecules are larger 
than the solvent molecules and hence extend through several of these hypothetical 
planes. The viscosity increase is a function of several parameters of the molecule, 
including the volume of the solution that is occupied, the ratio of length to width of 
the molecule (the axial ratio or the ratio of the axes of the smallest ellipsoid of 
revolution in which the molecules could fit), and the rigidity of the molecule. For 
globular proteins, the principal effect is through molecular volume and this is simply 
related to molecular weight. 
The change in viscosity is usually expressed as a ratio, n/rjo, called the relative 
viscosity, TLr. Einstein showed that rir is a function of both the size and the shape of 
the macromolecule and derived the equation: 
,- -rar =1 +4+bý2+.... 
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in which a is a shape-dependent constant (a = 5/2 for spheres), ý is the fraction of the 
solution volume occupied by the molecules, and b is a second shape-dependent 
constant. This equation can be rewritten in terms of the concentration, c, of the 
macromolecules by defining V as the specific volume of one molecule, so that 4_ 
V c, to give 
ilr=l/l10= 1 +aVc+bV2c2+.... 
Viscosity is frequently expressed as the specific viscosity, %, which is the fractional 
change in viscosity produced by adding the solute, that is: 
lisp == (11/71. ) -1 = 71f 1= aVc + bV2c2 + ..... 
Neither rir nor il, can be simply related to molecular parameters (i. e., shape and 
volume) because of intermolecular interactions (e. g., collision, entanglement). To 
avoid this problem, a situation at very low (i. e., zero) concentration is considered. To 
do this, the intrinsic viscosity [il] is defined as: 
[ii] = lim (il, /c) = lim aV + bV2c + ....... = aV 
c->o c->o 
which depends only on the shape-dependent constant, a, and the specific volume, V. 
Operationally, this means that [1] is determined by measuring rip at several 
concentrations, plotting rasp /c versus c and extrapolating to c=0. The intrinsic 
viscosity is directly related to molecular weight and reveals the volume occupied by 
individual molecules in the case of very dilute polymer solutions (Morris, 1984). The 
above plot called the Huggins plot often gives a straight line, the intercept of which is 
I'll. 
lisp /c = [n] + k' [i]2C 
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where k' is a dimensionless constant, called the Huggins' constant. 
Kraemers' plot also yields [i] as the intercept, 
(In 71rei/c) = [il] - k" [ii]2c 
where k" is also Kraemers' constant. 
The Huggins and Kraemer constants (k' and k") are related as shown below: 
k' -k"=0.5 
As the concentration, c, of a polymer solution is increased, a stage is reached at 
which the individual polymers are forced to interpenetrate one another. The 
concentration at which this occurs is known as c" (Morris, 1992). Below c*, 
individual polymers are free to move through the solvent with little mutual 
interference, viscosity is virtually independent of shear rate ( known as the 
`Newtonian' behaviour). Above c*, where chains can move only by the much more 
difficult process of "wriggling" (reptation) through neighbouring chains, viscosity 
becomes higly dependent on shear rate. 
If the log of specific viscosity is plotted against the log of c[ri], a dimensionless 
product which is called the `coil overlap parameter' provides an index of the total 
volume occupied by a polymer, a line with two gradients emerges. It has been 
observed empirically, that for a wide range of random coil polysaccharides the log of 
ij, p varies approximately 
linearly with the log of c[ri] over the viscosity range I< % 
< 10, with a slope of about 1.4 (Morris et al., 1981). At higher values of rl,, 
however, the concentration dependence changes suddenly to a slope of about 3.3, 
because a point is reached where the individual coils start to entangle and overlap 
(c = c*). 
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3.1.5 Differential Scanning Calorimetry (DSC) 
3.1.5.1 Introduction 
DSC is a technique which is part of a group of techniques called Thermal Analysis 
(TA). Thermal Analysis is based upon the detection of changes in the heat content 
(enthalpy) or the specific heat of a sample with temperature. As thermal energy is 
supplied to the sample its enthalpy increases and its temperature rises by an amount 
determined, for a given energy input, by the specific heat of the sample. The specific 
heat of a material changes slowly with temperature in a particular physical state, but 
alters discontinuously at a change of state. As well as increasing the sample 
temperature, the supply of thermal energy may induce physical or chemical processes 
in the sample, e. g. melting or decomposition, accompanied by a change in enthalpy, 
the latent heat of fusion, heat of reaction etc. Such enthalpy changes may be detected 
by thermal analysis and related to the processes occurring in the sample. Thermal 
analysis encompasses a wide variety of techniques such as : 
" the measurement of heating curves, 
" dynamic adiabatic calorimetry, 
" differential thermal analysis, DTA 
" differential scanning calorimetry, DSC 
" thermogravimetry, TG 
" thermal mechanical analysis, TMA 
" dynamic mechanical thermal analysis, DMTA 
A modern TA instrument (Gill, 1984) (Fig. 3.11) is made up of a furnace for heating 
(or cooling) the sample at a controlled rate and a selective transducer to monitor 
changes in the substance. The transducer can be a thermocouple to measure heat flow 
(DSC or DTA), a balance to monitor weight changes (TG), or a linear variable 
differential transducer (LVDT) to detect changes in dimension (TMA). The 
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transducer generates a voltage signal which is amplified, stored on magnetic tape or 
disk along with a direct temperature response from the sample, and recorded on a 
printer/plotter. 
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Figure 3.11: Schematic diagram of a modern thermal analyzer. 
[From Gill, (1984)] 
3.1.5.2 Theory 
DSC, differs fundamentally from DTA in that the sample and reference are both 
maintained at the temperature predetermined by the programme even during a 
thermal event in the sample. The amount of energy which has to be supplied to or 
withdrawn from the sample to maintain zero temperature differential between the 
sample and the reference is the experimental parameter displayed as the ordinate of 
the thermal analysis curve. The sample and reference are placed in identical 
environments, metal pans on individual bases each of which contain a platinum 
resistance thermometer (or thermocouple) and a heater (Figure 3.12). 
The 
temperatures of the two thermometers are compared, and the electrical power 
; s, s ýý1 s yl , gis ,uy ;d so that the temperatures of 
both the sample and the 
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reference remain equal to the programmed temperature, i. e. any temperature 
difference which would result from a thermal event in the sample is 'nulled'. The 
ordinate signal, the rate of energy absorption by the sample (e. g. millicalories/sec. ), is 
proportional to the specific heat of the sample since the specific heat at any 
temperature determines the amount of thermal energy necessary to change the sample 
temperature by a given amount. Any transition accompanied by a change in specific 
heat produces a discontinuity in the power signal, and exothermic or endothermic 
enthalpy changes give peaks whose areas are proportional to the total enthalpy 
change (Figure 3.13). 
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Figure 3.12: DSC Experimental Arrangement. 
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Figure 3.13: Typical DSC Curve. 
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i Sample I Reference 
In other words, in DSC, the measuring principle is to compare the rate of heat flow 
to the sample and to an inert material which are heated or cooled at the same rate. 
Changes in the sample that are associated with absorption or evolution of heat cause 
a change in the differential heat flow which is then recorded as a peak. The area 
under the peak is directly proportional to the enthalpic change and its direction 
indicates whether the thermal event is endothermic or exothermic. For proteins, the 
thermally induced process detectable by DSC is the structural melting or unfolding of 
the molecule. The transition of protein from a native to a denatured conformation is 
accompanied by the rupture of inter- and intra-molecular bonds, and the process has 
to occur in a cooperative manner to be discerned by DSC ( Ma and Harwalkar, 
1991). Analysis of a DSC thermogram enables the determination of two important 
parameters : transition temperature peak ( Tp) or maximum ( Tn, ) or denaturation 
( Td ) temperature, and enthalpy of denaturation ( AH ). The denaturation 
temperatures are measures of the thermal stability of proteins, although they are 
influenced by the heating rate (Ruegg et al., 1977 ) and protein concentration 
( Wright, 1984 ). The extrapolated onset temperature ( Tm) is less influenced by 
protein concentration and transition temperature at zero heating rate can be obtained 
by plotting peak temperatures as a function of heating rate ( Ruegg et al., 1977). The 
AH value, calculated from the area under the transition peak, is correlated with the 
content of ordered secondary structure of a protein ( Koshiyama et al., 1981). The 
AH value is actually a net value from a combination of endothermic reactions, such as 
the disruption of hydrogen bonds determined as 1.7kcal per mole of hydrogen bond 
(Privalov and Khechinasvili, 1974), and exothermic processes, including protein 
aggregation and the breakup of hydrophobic interactions ( Jackson and Brandts, 
1970 ; Arntfield and Murray, 1981). The sharpness of the transition peak can 
be 
measured as width at half-peak height ( OT112 ), and is an index of the cooperative 
nature of the transition from native to denatured state. If 
denaturation occurs within a 
low OT 1/2 value ), the transition 
is considered highly 
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cooperative ( Wright et al., 1977). Heat denaturation of small globular proteins is 
generally considered reversible in high yield, provided that the reaction is carried out 
under conditions preventing aggregation., i. e. dilute solution and far from the 
isoelectric point. This allows indirect thermodynamic evaluation of the process by 
applying equilibrium thermodynamics and assuming a two-state model, i. e. A (native) 
--> B (denatured). Under these conditions one can determine the equilibrium 
constant, K, of the process and subsequently the standard enthalpy change, AHo , 
from the van't Hoff equation : 
AH° = RT2 (dlnK/dT) 
The standard free energy change, A&, may be obtained from : 
AGO =- RTInK 
and the standard entropy change, ASO , 
form : 
LG°=AH°-TLSO 
If M 
cal , made 
from calorimetric studies and Mb obtained from equilibrium studies 
are equivalent, it can be deduced that the denaturation process is a two-state, all-or- 
none process, with minimum intermediate states. At high protein concentrations 
(5-20%) and heating rates (5-20°C/min), which resemble actual processing 
conditions, denaturation becomes an irreversible process since extensive 
intermolecular interactions are favoured with aggregation of the unfolded protein 
molecules (Biliaderis, 1983). In contrast to denaturation, which is connected with 
intensive heat absorption, aggregation is generally considered as an exothermic 
process, therefore, it becomes more difficult to interpret AH., values quantitatively, 
since they represent the net product of a positive (denaturation) and a negative 
l 
. +i. i. reitn+tnvlý lAY1+r 
hiifr 
i 
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3.1.6 Phase contrast microscopy 
3.1.6.1 Theory 
Objects which are transparent and colourless are usually very difficult to see under 
the light microscope. Light passing through regions of greater refractive index is 
deflected and becomes out of phase with the main stream of light waves. Such 
differences in refraction are not evident with the light microscope, but are detected 
with the phase contrast microscope. 
3.1.7 Haematoxylin and Eosin Staining. 
3.1.7.1 Theory 
Eosin is an acid dye and haematoxylin, while not a basic dye, has staining properties 
that closely resemble those of a basic dye. Basic dyes react with anionic groups, like 
carboxyl groups of proteins, whilst acid dyes react with cationic groups, namely the 
ionised amino groups of proteins. 
3.1.8 Dynamic Mechanical Testing 
3.1.8.1 Theory 
Biopolymer solutions demonstrate striking viscoelastic behaviour - that is, they show 
mechanical properties intermediate between those of perfectly elastic solids and 
viscous fluids. These two limiting, idealised types of materials behave entirely 
differently in their response to deformation. An ideal elastic material stores all the 
energy of deformation, whereas, all the energy expended in the deformation of a fluid 
is dissipated as heat. These modes of behaviour of idealised elastic solids and viscous 
I-`' -` '' rates of loading. In contrast, viscoelastic materials -" "' 
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store some of the energy of deformation and dissipate the rest, and the response is a 
function of the rate of loading. 
The unique viscoelastic behaviour of biopolymer solutions is a consequence of the 
unique feature of their molecular architecture. For sufficiently small amplitudes of 
stress and strain, biopolymer liquids (solutions) are linear viscoelastic. That is, 
measures of the amplitudes of the stress and strain histories are proportional, and are 
related through time functionality. If an experiment is relatively slow, the sample will 
appear to be viscous rather than elastic, whereas, if the experiment is relatively fast, it 
will appear to be elastic rather than viscous. At intermediate time-scales, mixed 
(viscoelastic) response is observed. 
Dynamic mechanical testing, is applied to the mechanical behaviour of viscoelastic 
materials. It is based on the fundamentally different response of viscous and elastic 
elements to a sinusoidally varying stress or strain. If a sinusoidal strain y= y' sin cot 
(where co is the angular frequency, radians per second) is applied to a linear spring, 
since i=Gy, the resulting stress, i=G y' sin cot, is in phase with the strain. For a 
linear dashpot, however, because the stress is proportional to the rate of strain rather 
than the strain, i= ray = iu y'cos cot, the stress is 900 out of phase with the strain. 
Viscoelastic materials exhibit an intermediate response (Figure 3.15) between the two 
extremes as shown in Figure 3.14. The vectors are components of i* and y*, rotating 
in the complex plane (Figure 3.15a). The angle between these vectors is the phase 
angle 5 (5 =0 for a purely elastic material and 90° for a purely viscous material). The 
vector representing the dependent variable is resolved into components in phase 
(designated by ') and 90° out of phase (designated by ") with the independent 
variable. The independent variable can either be the applied strain (Carri-Med 
Rheometer) or the applied stress (Rheometrics, controlled stress). If the applied 
strain is the independent variable then the stress vector (i*) is resolved 
into its in- 
phase (i') and out-of-phase (i") components, by*I = y', and y" = 0. 
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Figure 3.14: Stress in a linear spring and a linear dashpot in response to an applied 
strain. 
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Figure 3.15: Quantities in dynamic testing. (a) rotating vector diagram; (b) stress and 
strain. 
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An in-phase or storage modulus is defined by: 
G' =f l ^y' storage modulus (in-phase component) 
and an out-of-phase or loss modulus is defined by: 
G" = T" / y' loss modulus (out-of-phase component) 
(3.16) 
(3.17) 
The complex modulus G* is defined as the vector sum of the in-phase and out-of- 
phase moduli. 
G*=G'+iG"=(z'+iti")/y'=tt*/ 
Additionally, a complex viscosity rl* may be defined as: 
11 *= 71 13 -i 11 11) = T* 
/ ý* 
It was shown (McKelvey, 1962) that 
Y* 
_ i, o Y* 
By combining equations (3.18) and (3.20), we get; 
c + 1coil' = G' + iG» 
(3.18) 
(3.19) 
(3.20) 
(3.21) 
where i is a complex number, making iG" the imaginary part of the equation. 
Comparison of the real (in-phase) and imaginary (out-of-phase) parts of (3.21) gives; 
Gý _ i1"a 
-- , 
9 
(3.22) 
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G' =11,0) 
Combination of equations (3.19), (3.21) and (3.22) reveals that 
G* = G' + iG" = ico 
(3.23) 
(3.24) 
From the geometry in figure 3.15 and the relationships derived, the loss tangent tan 5 
is; 
tan s=t"fi'r' =G"/ G' =111 / x" (3.25) 
When a sample is undergoing cyclic deformation, the work done on a unit volume 
w=5i dy (ergs/cm3) (3.26) 
From 
y= y' sin cot (3.27) 
and 
,c= ki*I sin (cot + 5) (3.28) 
Differentiating (3.27) with respect to ((at) gives; 
dy = y' cos wt d(c)t) (3.29) 
Inserting equation (3.28) and (3.29) into (3.26) gives 
w=I i*l y' 
$ 
sin ((it + S) cos cnt d(Wt) (3.30) 
The work done on the first quarter-cycle of applied strain is found by integrating 
(3.30) between 0 and ic/2. 
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w (first 1 /4 cycle) _I i* 1 y' [(cos 8/2) + (ic / 4) sin S] (3.31) 
In terms of moduli or viscosities; 
w (first 1/4 cycle) _ [{(y')2 /2) G' + ic /4 (y')2G"] (3.32) 
w (first 1 /4 cycle) =[f (y' )2 / 2) (ri" +'m /4 (y ' )2(OTI' ] (3.33) 
The first term on the right hand side of equation (3.32) is the work done in strainig a 
linear spring of modulus G' an amount y', which represents the energy stored 
elastically in the material during its straining in the first quarter-cycle. Hence G' is the 
storage modulus. If the applied mechanical energy (work) is not stored elastically, it 
must be lost, i. e., converted to heat through molecular friction, which is, viscous 
dissipation, within the material, which is the second term on the right hand side of 
equation (3.32), so G" is known as the loss modulus. From equation (3.33), stored 
energy is proportional to ii" and dissipated energy is proportional to il'. 
When the material passes through the second quarter cycle, the results are identical to 
that for the first quarter cycle, except that the sign on the first (storage) term is 
negative. This means that the energy stored elastically in straining the material in the 
first quarter is recovered in the second quarter, therefore, there is no energy lost over 
a half-cycle or full-cycle through the elastic component. The sign of the second term, 
however, is positive for any quarter-cycle; so the net energy loss (converted to heat 
within the material) for a full cycle is simply; 
w (complete cycle) = it (Y')2 G" = 7C (y')2 (oil, 
The average power dissipated as heat within the material, is obtained by dividing the 
energy dissipated per cycle by the period (time) of a cycle, 2t/w. 
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3.1.9 Hydrophobicity Studies 
3.1.9.1 Theory 
The theory related to hydrophobicity has been discussed in section 2.3.1 
3.2 MATERIALS AND METHODS 
3.2.1 Small Angle Neutron Scattering (SANS) Studies 
3.2.1.1 Sample preparation 
f Gliadin 
Sigma gliadin samples were prepared at different concentrations as shown in Table 
3.1. Ethanol (70%) was required to solubilise gliadin. D20/H20 ratios from 0 to 30% 
(v/v) was used to increase contrast (Jacrot, 1976; Stuhrmann and Miller, 1978; 
Kneale et al., 1977). The samples were then centrifuged at 10,000g for 10 minutes. 
The supernatant was collected and re-centrifuged again at 10,000g for another 10 
minutes. The protein concentration in the supernatant was determined by the method 
of Lowry et al., (1951). 
Table 3.1: Gliadin samples at varying D20/H20 contrast ratios. 
Gliadin samples G1 G2 G3 G4 
D20(%) 0 10 20 30 
H20(%) 30 20 10 0 
C2H5OH (%) 70 70 70 70 
[gliadin] (%) 2.87 3.67 3.23 3.28 
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f Deamidated gliadin 
Amylum SWP was dissolved in distilled water and centrifuged at 10,000g for 10 
minutes. The pellet made up of deamidated glutenin was discarded and the 
supernatant re-centrifuged at 15,000g for another 10 minutes. The supernatant after 
the second centrifugation, was placed in a dialysis bag (Medicell) with a cut-off MW 
of 50,000 and dialysed against distilled water overnight in a cold room with 
continuous stirring. The dialysate was transferred into another dialyses bag with a 
cut-off MW of 12,000 and covered with polyethylene glycol (aquacide-3) from 
Calbiochem and left overnight. The concentrated protein (deamidated gliadin rich 
fraction) was freeze dried for a week. Experimental samples were prepared from the 
freeze dried protein as shown in Table 3.2. The protein concentration of the 
deamidated gliadin rich fraction was then measured using the Lowry method (1951). 
Table 3.2: Deamidated giiadin samples at varying D20/H20 contrast ratios 
deamidated gliadin samples 
D20 (°10) 
H20(%) 
C2H5OH (%) 
[deamidated gliadin] (%) 
3.2.1.2 Method 
Si S2 S3 S4 S5 S6 
0 10 20 30 40 50 
50 40 30 20 10 0 
50 50 50 50 50 50 
3.68 3.61 3.67 3.47 3.76 3.71 
The samples were warmed at the ISIS experimental station at 60°C to minimize 
aggregation, and then transferred into quartz cuvettes with 2mm path length. The 
samples, empty quartz cell, solvent and an empty beam space were run for both 
SANS and transmission experiments for 20 minutes each over a period of 24 hours. 
A beam of neutrons (the incident beam) were allowed to hit the samples where the 
neutrons may be scattered or absorbed. The scattered and transmitted 
beams were 
then detected by a 3He-CF4 filled ORDELA "area" detector. Data from neutron 
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wavelengths of 2.0-9.8A at 25Hz were combined to give a useful range of scattering 
vectors Q= 4itsin(8/2)/X (where 8 is the scattering angle) of 0.006-0.22 Ä' at a 
sample-detector distance of 4.4 m. 
Data Collection and Analysis 
Data was collected on a standard ISIS DAE (DAE I). Corrections (section 3.1.1.3) 
were carried out and analysed using a COLETTE Program (Appendix C) on a DEC 
VAXstation 3200 with colour monitor at the Rutherford Appleton Laboratory. The 
corrected data was transmitted through the internet using file transfer protocol (FTP) 
to a personal computer at home where all the calculations were carried out. 
3.2.2 Atomic Force Microscopy (AFM) 
3.2.2.1 Sample preparation 
f Gliadin 
Sigma gliadin was dissolved in 50% (v/v) ethanol and centrifuged as described in 
section 3.2.1.1. The protein concentration in the supernatant was determined by the 
method of Lowry (1951) . 
The protein concentration used was 0.5mg/ml. 
f Deamidated gliadin 
Deamidated gliadin samples were prepared as described in section 3.2.1.1. Samples 
were then diluted with distilled water or mixed with 80µI ß-mercaptoethanol and 8M 
urea as required. The concentration of protein used was 0.625mg/ml. 
116 
Mounting of samples on silicon substrate 
Each sample (4041) was placed onto a silicon substrate previously cleaned with 
(95%v/v) ethanol solution in a ventilation hood and dried at room temperature. The 
silicon substrate, mounted with the protein samples was transferred into petri dishes 
and covered to protect the samples from dust contamination. 
3.2.2.2 Method 
Imaging was undertaken on a Nanoscope II SPM from Digital Instruments, USA, 
equipped with microfabricated silicon nitride Cantilever (1 U0-200µm). The silicon 
substrate holding the protein sample was glued to a stell disk on top of an XYZ 
translator. The AFM tip was held stationary and the sample was scanned in contact 
mode using piezoelectric transducers. The scanning was activated by applying 
voltages across the piezo translator which was controlled by software from 
Nanoscope II SPM. 
3.2.3 Circular Dichroism (CD) 
3.2.3.1 Sample preparation 
f Gliadin 
Signa gliadin was dissolved in 5 0% (v/v) ethanol 
section 3.2.2.1. The protein was diluted as required. 
f Deamidated gliadin 
and prepared as described in 
Deamidated gliadin samples were prepared as described in section 3.2.1.1. 
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3.2.3.2 Method 
Samples were run on a JASCO J600 and analysis was by the CONTIN 2 program 
(Provencher and Glöckner, 1981). Concentration of the protein samples were from 
0.5m, g/mi to 0.8mg/mi. Two sets of experiments were done on the samples, a 
temperature sweep at pH 7 and a pH sweep at room temperature. All spectra were 
corrected for dilution and non-protein absorption. 
I Z. 4 Hydrodynamic Studies 
3.2.4.1 Sample preparation 
Amylum SWP was hydrated in distilled water at pH 7.0 and diluted as required. 
3.2.4.2 Method 
Two different instruments were used for the studies. The dilute solution studies were 
made at 3 5°C, on a Contraves Low Shear 30 rotational viscometer, using cup and 
bob geometry with inner and outer radii of 5.5 and 6mm respectively. The 
temperature was controlled to within ±0.5°C by a circulating water bath and 
measured by a thermocouple in direct contact with the sample. 
The concentrated solution studies were made with a Brookfield Viscometer as 
described in section 6.3.2.3. Where varying temperatures were required, the samples 
were heated in a water bath to the appropriate temperature (60°C to 95°C) and 
cooled under running water to room temperature before performing the viscosity 
measurements. 
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3.2.5 Differential Scanning Calorimetry (DSC) 
3.2.5.1 Sample preparation 
Amylum SWP samples were prepared as described in section 3.2.4.1. 
3.2.5.2 Method 
Differential scanning calorimetry studies were carried out on a Setaram 
microcalorimeter using a sample mass of approx. 0.92g and a scan rate of 0.5 degrees 
per minute. 
3.2.6 Phase contrast microscopy 
3.2.6.1 Sample preparation 
Amylum SWP samples were prepared as described in section 3.2.4.1. 
3.2.6.2 Method 
A drop of 19% (w/v) SWP samples prepared at room temperature and at 60°C for 
30min. were placed on acetone cleaned microscopic slides and sealed with a cover 
slip to prevent dehydration. The dispersions were studied using a Leitz microscope 
having a binocular eyepiece and a phase contrast condenser annulus matching an 
objective of a different magnification. The microscope was attached to a Wild MPS 
05 system comprising a camera and an exposure meter set on camera factor 0.32. 
The sensor was set for integrated metering of objects uniformly distributed. 
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3-Z 7 Haematoxylin and Eosin staining 
3.2.7.1 Sample preparation 
Amylum SWP samples were prepared as described in section 3.2.4.1. 
3.2.7.2 Method 
SWP (19%, w/v) samples prepared at room temperature, heated at 60°C and 80°C 
for 30min and a sample at room temperature with added dithiothreitol (DTT) were 
stained in haematoxylin for between 5 to 15minutes followed by rinsing in tap water 
for 1 minute. The samples were differentiated in 1% acid alcohol for 5 to 10 
seconds, washed in tap water for 10 minutes until blue, followed by staining in 1% 
eosin for 2 minutes, rinsing in tap water and mounting for observation under the 
microscope. 
3.2.8 Haematoxylin Staining 
3.2.8.1 Sample preparation 
Amylum SWP samples were prepared as described in section 3.2.4.1. 
3.2.8.1 Method 
SWP (19%, w/v) samples prepared at room temperature, with and without 
dithiothreitol (DTT) were stained in haematoxylin for between 5 to 15minutes 
followed by rinsing in tap water for 1 minute. The samples were then mounted on a 
slide and observed under the light microscope. 
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3.2.9 Dynamic mechanical testing 
3.2.9.1 Sample preparation 
Amylum SWP samples were prepared as described in section 3.2.4.1. 
3.2.9.2 Method 
SWP (12%, w/w) samples were treated with and without ß-mercaptoethanol 
(8p1/ml). Rheological measurements under low-amplitude oscillatory shear were 
made using parallel plate geometry (50mm radius) on a sensitive prototype rheometer 
designed and constructed by Dr Robert K. Richardson. Temperature was controlled 
using a programmable circulatory water bath and monitored by a thermocouple 
attached to a stationary element. The exposed periphery of the sample was coated 
with light silicone oil to minimise loss of water at high temperature. 
3. Z. 1ß Hydrophobicity 
3.2.10.1 Sample preparation 
Amylum SWP samples were prepared as described in section 2.3.5. 
3.2.10.2 Method 
The method used has been described in section 2.3.5. 
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3.3 RESULTS 
3.3.1 SANS 
The corrected data from the SANS experiment (section 3.1.1.3) were used to plot 
the graphs in Figures 3.16 and 3.17 using equation 3.7 
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Figure 3.16: Intensity of scattering as a function of scattering vector for 
gliadin. 
The number and types of residues in gliadin and deamidated gliadin are given in 
Tables 3.3 and 3.4, and the number and type of atoms in amino acid residues at pH 
7.0 were calculated as shown in Table 3.5. 
Table 3.3: Type and number of residues in alphalbeta gliadin. 
Ala(A) 4; Phe(F) 8; Lys(K) 3; Pro(P) 36; Thr(T) 1; Cys(C) 4; Gly(G) 5; Leu(L)20; 
Gln(Q) 92; Val(V) 13; Asp(D) 1; His(H) 6; Met(M) 1; Arg(R) 5; Trp(w) 1; 
Glu(E) 5; Ile(I) 11; Asn(N) 5; Ser(S) 14; Tyr(Y) 7. 
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Table 3.4: Type and number of residues in deamidated gliadin 
Ala(A) 4; Phe(F) 8; Lys(K) 3; Pro(P) 36; Thr(T) 1; Cys(C) 4; GIy(G) 5; Leu(L) 20; 
Gln(Q) 0; Val(V) 13; Asp(D) 6; His(H) 6; Met(M) 1; Arg(R) 5; Trp(W) 1; 
Glu(E) 97; Ile(I) 11; Asn(N) 0; Ser(S) 14; Tyr(Y) 7. 
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Figure 3.17: Intensity of scattering as a function of scattering vector for 
deamidated gliadin 
The volume of a molecule was calculated as follows: (eg. ethyl alcohol) 
MW of C2HSOH = 12+3+12+2+16+1=46 
Therefore, 1 mole of ethyl alcohol weighs 46g. 
One mole contains N molecules = 6.023 x 1023 molecules. 
Therefore, the weight of a single molecule of ethyl alcohol is = MW/N 
= 46/6.023 x 1023 g/molecule = 7.64 x1Ö g/molecule 
3 
Density of ethyl alcohol = 0.791 g/ cm . 
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Volume per molecule (ethyl alcohol) = 7.64 x 10-23 g" molecule 1/0.7919. cm -3 . 
= 9.66 x10 
23 
cm3 molecule 
1 
= 0.97 x 10-22 cm3 molecule 1 
Table 3.5: Type and number of atoms in amino-acid residues 
RESIDUE C 0 N HS 
Lys K 6 1 2 13 - Arg R 6 1 4 13 - His H 6 1 3 6.5 - Ser S 3 2 1 5- 
Thr T 4 2 1 7- 
Tyr y 9 2 1 9- 
Cys c 3 1 1 51 
Met m 5 1 1 91 
Trp w 11 1 2 10 - Pro P 5 1 1 7- 
Phe F 9 1 1 9- 
Leu L 6 1 1 11 - Heu I 6 1 1 11 - Val V 5 1 1 9- 
Ala A 3 1 1 5- 
Asn N 4 2 2 6- 
On Q 5 2 2 8- 
Asp D 4 3 1 4- 
Glu E 5 3 1 6- 
Gly G 2 1 1 3- 
The scattering lengths of atoms of the solvent and proteins used in the experiment are 
given in Table 3.6. 
Table 3.6: Scattering lengths of some atoms (Koester et aL, 1991) 
bH=-0.374x 1012 cm bc=0.665x 1012 cm bN=0.94x 1012 cm 
cm bo = 0.58 x 10 cm bs = 0.2804 x 1012 cm bD=0.6674 x 1012 
12 
The data from Tables 3.5 and 3.6 were used to calculate the scattering length 
densities of amino acid residues and the solvent (Table 3.7 and 3.8) (Baldwin, 1988). 
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Table 3.7: Scattering lengths and densities of amino acid residues 
RESIDUE Volume Zb(H2O) Zb(D20) P(H20) 
[As] [10-22cm31 [10_12cm] [10-1zcm] E101ocm_2J 
K 176.2 1.76 1.586 5.752 0.900 
A 92.0 0.92 1.645 2.686 1.788 
F 203.0 2.03 4.139 5.180 2.040 
R. 180.8 1.81 3.466 9.714 1.915 
H 167.0 1.67 4.959 6.521 2.969 
S 99.0 0.99 2.225 4.308 2.247 
T 122.0 1.22 2.142 4.224 1.760 
Y 204.0 2.04 4.719 6.802 2.310 
C 106.0 1.06 1.930 4.013 1.820 
M 171.0 1.71 1.764 2.805 1.030 
W 238.0 2.38 6.035 8.118 2.536 
P 129.0 1.29 2.227 2.227 1.726 
L 168.0 1.68 1.396 2.437 0.830 
1 169.0 1.69 1.396 2.437 0.826 
V 142.0 1.42 1.479 2.520 1.040 
N 135.0 1.35 3.456 6.580 2.560 
Q 161.0 1.61 3.373 6.497 2.095 
D 113.6 1.14 3.845 4.886 3.385 
E 140.6 1.41 3.762 4.803 2.676 
G 66.0 0.66 1.728 2.769 2.618 
Table 3.8: Scattering lengths and densities of solvent molecules 
Volume Tb(H20) 
[A3] [ 10-aaem3l [ 10-1zem] 
Tb(D20) 
[1012CM] 
PM20) 
[1Ol°Cn 2] 
P(D20) 
101°cm2J 
3.268 
2.920 
2.552 
5.367 
3.905 
4.352 
3.462 
3.334 
3.786 
1.640 
3.411 
1.726 
1.451 
1.442 
1.775 
4.874 
4.035 
4.286 
3.406 
4.195 
fKD20) 
[1 O'°cm2] 
H2O 30.0 0.30 -0.1677 
D20 30.0 0.30 
C2H5OH 96.0 0.97 -0.334 
-0.560 
-0.348 
6.384 
The large difference in neutron scattering between hydrogen and deuterium was used 
to contrast match the solvent and the protein molecules using equation 3.9 
( Stuhrmann, 1974). The results are shown in Tables 3.9 and 3.10 and Figures 3.18 
and 3.19. 
1.9153 
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Table 3.9: Calculations for gliadin samples (GI-G4) containing varying 
amounts of H2O: D20 
G1 G2 G3 G4 
D20 (%) 0 10 20 30 
H20(%) 30 20 10 0 
C2H5OH (°10) 70 70 70 70 
concentration of gliadin (%) 2.87 3.67 3.23 3.28 
scattering length density of 
solvent (pal) x 10 Z0cm 2 -0.4116 0.2828 0.9772 1.6716 
scattering length density of 
gliadin (pm XIO10cnl2,1.86 1.991 2.122 2.253 
Op=pit. -psol 2.27 1.71 1.14 0.581 
scattering length density of gliadin (pm. ) at 100%D20 = 3.17 x1010 cm-2 
ü 0 ä 
E 
1o zo 30 4o so E5 C) 70 so 90 I o0 
%a D2O 
solvent `ý- gliadin1 '-- gliadin2 
---- - -- --------- 
I 
gliadinl =only labile protons of exposed residues exctiangea tor 
deuterium. 
gliadin2=all labile protons assumed to exchange for deuterium as in 
a denatured protein. 
Figure 3.18: Mean scattering length density of gliadin as a function of the scattering 
zngth density of HZO/D20. 
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Table 3.10: Calculations for deamidated gliadin samples (Sl-S6) containing 
varying amounts of H2O: D20 
D20(%) 
H20(%) 
C2H5OH(%%o) 
conc. of de. gliadin(%) 
scattering length density of 
solvent (pso, ) x1 O'°cni 2 -0.454 0.24 0.93 1.63 2.32 3.018 
scattering length density of 
de. gliadin(p.. )x1010cm 2 2.1 2.18 2.26 2.34 2.42 2.50 
OP = pmea - Psoi 2.549 1.94 1.33 0.71 0.10 -0.52 
scattering length density of deamidated gliadin(pm. ) at 100%D20 2.9 x1010 cm 2. 
7 
E 
E 
ä4 
3 
2 
1 
0 
Sl S2 S3 S4 S5 S6 
0 10 20 30 40 50 
50 40 30 20 10 0 
50 50 50 50 50 50 
3.68 3.61 3.67 3.47 3.76 3.71 
-1 L 
0 10 20 30 40 50 60 70 80 90 100 
%D20 
solvent + degliadin 1 --*-- degliadin2 
degliadinl=only labile protons of exposed residues exchanged for 
deuterium in deamidated gliadin. 
degliadin2=all labile protons assumed to exchange for deuterium as 
in a denatured protein for deamidated gliadin. 
Figure 3.19: Mean scattering length density of deamidated gliadin as a function of the 
d}m length density of H20/D20. 
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In calculating the scattering length density of the proteins, it was assumed that for the 
100% D20, all the labile protons in the protein were exchanged for deuterium. When 
proteins are in their native state, it is only the labile protons exposed to the solvent 
that are exchanged with deuterium. The labile protons in the hydrophobic core are 
not exchanged. Taking this fact into consideration, a new scattering length density 
was calculated based on computer prediction of the most likely labile protons to be 
exposed to the solvent. 
scattering length density of gliadin (pm. ) at 100%D2Q = 2.83 x141° cnr2. 
scattering length density of deamidated gliadin (pm ,) at 100%D20 =2.67 x1010 cnr2. 
A summary of the calculated results for both gliadin and deamidated gliadin is shown 
inTables 3.11 and 3.12. 
Table 3.11: GLIADIN 
residue(r) rtot rc re Ptotl Pc Pe Ptot2 Ptot3 
A 4 2 2 7.15 3.58 5.84 9.42 11.68 
F 8 - 8 16.32 - 20.42 20.42 20.42 
K 3 1 2 2.7 0.9 6.54 7.44 9.804 
P 36 2 34 62.14 3.45 58.68 62.13 62.14 
T 1 1 - 1.76 1.76 - 1.76 3.46 
C 4 4 - 7.28 7.28 - 7.28 15.14 
G 5 1 4 13.09 2.62 16.78 19.4 20.98 
L 20 9 11 16.6 7.47 15.96 23.43 29.02 
Q 92 17 75 192.74 35.62 302.63 338.25 371.22 
V 13 6 7 13.52 6.24 12.43 18.67 23.08 
D 1 1 - 3.39 3.39 - 3.39 4.29 
H 6 6 - 17.81 17.81 - 17.81 
23.43 
M 1 1 - 1.03 1.03 - 1.03 
1.64 
R 5 - 5 9.575 - 26.84 
26.84 26.84 
W 1 - 1 2.54 - 3.41 
3.41 3.41 
E 5 2 3 13.38 5.35 10.22 15.57 17.03 
I 11 8 3 9.09 6.61 4.33 10.94 15.86 
N 5 2 3 12.8 5.12 14.62 19.74 24.37 
g 14 3 11 31.46 6.74 47.87 54.61 60.93 
y 7 1 6 16.17 2.31 20.00 22.31 23.34 
Total 242 67 175 450.53 117.27 566.55 683.85 768.06 
10 ', 1.86 2.83 3.17 
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Table 3.12: DEAMIDATED GLIAD1T 
residue(r) rtot rc re Ptotl PC Pe Ptot2 Ptot3 
A 4 2 2 7.15 3.58 5.84 9.42 11.68 
F 8 - 8 16.32 - 20.42 20.42 20.42 K 3 1 2 2.7 0.9 6.54 7.44 9.804 
P 36 2 34 62.14 3.45 58.68 62.13 62.14 
T 1 1 - 1.76 1.76 - 1.76 3.46 C 4 4 - 7.28 7.28 - 7.28 15.14 G 5 1 4 13.09 2.62 16.78 19.4 20.98 
L 20 9 11 16.6 7.47 15.96 23.43 29.02 
Q 0 0 0 
V 13 6 7 13.52 6.24 12.43 18.67 23.08 
D 6 3 3 20.31 10.16 12.86 23.02 25.72 
H 6 6 - 17.81 17.81 - 17.81 23.43 
M 1 1 - 1.03 1.03 - 1.03 1.64 
R 5 - 5 9.575 - 26.84 26.84 26.84 
W 1 - 1 2.54 - 3.41 3.41 3.41 
E 97 19 78 259.57 50.84 265.67 316.51 330.38 
I 11 8 3 9.09 6.61 4.33 10.94 15.86 
N 0 0 0 - - - - - 
S 14 3 11 31.46 6.74 47.87 54.61 60.93 
Y 7 1 6 16.17 2.31 20.00 22.31 23.34 
Total 242 67 175 508.12 128.8 517.63 646.43 707.27 
Pmean(10 
i°cm-2) 2.1 2.67 2.9 
Legend 
r10 = total number of residue in protein 
r, = number of residue in hydrophobic core of protein 
re = number of residue exposed to solvent 
ptoti= scattering length density for total number of residue in protein at 0%D20 
pc = scattering length density for residue in hydrophobic core of protein 
pe = scattering length density for residue exposed to 100% D20 
pto, 2= scattering length density of total residue 
in protein in 100% D20 
p= scattering length density of total residue of denatured protein in 100% D20 
A Guinier analysis was carried out on the data in Figures 3.16 and 3.17 using 
equation 3.8 (Table 3.13). 
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Table 3.13: Results of Guinier Analysis 
sample Op I1(0 ±SD 12(0) ±SD Il(0)/n ýIz(0)/n , Rg2 Gl 2.27 1.3±0.095 0.59±0.03 1.183 0.838 94.3 32 
G2 1.71 1.3±0.08 0.45±0.02 1.041 0.606 94.3 32 
G3 1.14 0.99±0.07 0.34±0.02 0.974 0.601 94.3 32 
G4 0.58 0.93±0.07 0.32±0.02 0.921 0.542 101.9 35 
Si 2.55 2.0±0.25 0.408±0.2 1.400 0.630 138.7 31.2 
S2 1.94 1.6±0.2 0.297±0.1 1.260 0.540 138.7 31.2 
S3 1.33 0.81±0.13 0.177±0.1 0.891 0.417 138.7 31.2 
S4 0.71 0.69±0.09 0.049±0.1 0.850 0.225 139.4 31.3 
S6 -0.52 1.38±0.2 0.036±0.1 1.160 0.187 139.4 31.3 
Each sample had two sized particles as shown by the radius of gyration (Rg) in A. A 
plot of iI(0)/n vs. Lp is shown in Figure 3.20, and the relationship between the 
particle structure factor, P(Q) and the effective interparticle structure factor, S(Q) for 
deamidated gliadin is shown in Figure 3.21. 
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Figure 3.20: The square root of the extrapolated forward scattering intensity of 
gliadin and deamidated gliadin samples vs the D20 volume fraction of the solvent. 
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Figure 3.21: The relationship between the particle structure factor and the effective 
interparticle structure factor. 
The scattered intensity I(Q), can be shown to be equal to: 
1(Q) = (dZ / dQ2) (Q) = nP(Q)S(Q) [cm-11 
where n= NN is the number density of the particles in the sample. P(Q) is called the 
particle structure factor and S(Q) is the effective interparticle structure factor 
(Bendedouch and Chen, 1983). The next question to be asked is, what is this particle 
structure and interparticle structure? 
From the standard theory of SANS (Jacrot, 1976; Bendedough and Chen, 
1983). 
P(Q) ={I F(Q)12 / JF(Q)12 ) [S(Q)-fl 
and 
S(Q) =1+ {IF(Q)12 I IF(Q)I2} [S(Q)-1] 
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0.0 0.0 5 0.1 0.15 0.2 
where S(Q) is the interparticle structure factor describing the positional correlations 
among particles as a result of their mutual interactions. F(Q) is called the form factor 
of the particle in solution and is given by the Fourier transform of the excess coherent 
scattering length density distribution of the particle. 
3.3.2 AFM 
Representative Atomic Force Microscopic images are shown in Plates 3.1 to 3.21. 
Plates 3.1 and 3.2 are images of the substrate without samples at a low and high 
magnification. Plates 3.3 to 3.12 show images of gliadin with increasing 
magnification whereas those for deamidated gliadin are shown in Plates 3.13 to 3.17. 
The effect of ß-mercaptoethanol on deamidated gliadin is shown in Plate 3.18 and 
when deamidated gliadin was treated with both ß-mercaptoethanol and urea are 
shown in Plates 3.19 to 3.21. 
Plate 3.1: AFM image (I O, 000x 10,000x500nm) of ethanol cleaned bare 
silicon substrate used as control. 
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Plate 3.2: AFM image (1,000x1,000xI00nm) of ethanol cleaned bare silicon 
substrate used as control. 
Plate 3.3: Three-dimensional repo esentaiion of an AfIvi image 
(l 5000x l 5OOOx250nm) of gliadin. 
Plate 3.4: Three-dimensional representation of an AFM image (7000x70OOx2S0nm) 
of gliadin. 
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Plate 3-5: Three-dimensional representation of an AFM image (1600x 1600x4Onm) 
of gliadin. 
Plate 3.6: Three-dimensional representation of an AFM image (500x5®ax25nm) 
of gliadin. 
Plate 3.7: Three-dimensional representation of an AFM image (400x400x l 5nm) 
of gliadin. 
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Plate 3.8: Three-dimensional representation of an AFM image (144x 140x l Onm) 
of gliadin. 
Plate 3.9: Three-dimensional representation of an AFM image (I I Ox 1l Ox 15nm) 
of gliadin. 
Plate 3.10: An AFM image with an insert showing diameier- of giiatini. 
135 
Plate 3.12: Three 
of gliadin. 
33nm) 
Plate 3.13: Three-dimensional representation of an AFM image of deamidated gliadin 
(104 x 104 x 103nm) 
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Plate 3,11 ° An AFM image (45 x 45 nm) of gliadin. 
Plate 3.14: Three-dimensional representation of an AFM image of deamidated 
(4000 x 4000 x 350nm) 
gliadin 
Plate 3.15: Three-dimensional representation of an AFM image (300 x 300 x 10nm) 
of deamidated gliadin. 
Plate 3,16: Three-dimensional representation of an AFM image (65 x 65 x 2nrn) of 
deamidated gliadin 
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Plate 3.17: Three-dimensional representation of an AFM image (30 x 30 x 2nm) of 
deamidated gliadin 
Plate 3.18: Thre, A v 0.01 nm) 
Plate 3.19: Three-dimensional representation of an AFM image of deamidated 
treated with ß-mercaptoethanol and urea. (15000 x 15000 x 2000nm) 
gliadin 
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of deamidated gliadin treated with ß-mercaptoethanol. 
Plate 3.20: Image of deamidated gliadin between urea crystals in Plate 3.19 
(4000 x 4000 x 400nm) 
Plate 3.21: Sai 
3.3.3 Hydrodynamic Studies 
of 
Figure 3.22 illustrates flow curves for varying concentrations of SA'P solutions, 
taken at a temperature of 35°C. Below a concentration of 3%(w/v), viscosity was 
independent of shear rate, therefore, the flow can be regarded as Newtonian. Above 
3%(w/v), shear thinning occured at high shear rates but a Newtonian plateau was 
evident at low shear rates. 
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fibrils formed after treatment with 3-mercaptoethanol and urea. 
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Figure 3.22: Flow curves of SWP at 3 5°C. 
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The intrinsic viscosity of SWP was found to be approximately 0.9 dl g' (Fig. 3.23). 
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Figure 3.23: Intrinsic viscosity of SWP at 35°C. 
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From Huggins equation: 
m/c= [ri] + k' [71]2 c 
1.272 = 0.9+k'0.81c 
From Kraemer's equation: 
(1.272-0.9)/0.81 
= 0.46 
In 
. 1/c = 
Cý11+k"[112c 
0.8507 = 0.9 + k" 0.81 c 
k"= (0.8507-0.9)/0.81 
=-0.06 
k' - k" = 0.46 - (- 0.06) 
0.52 
2 
slope = 3.3 
Q 
U) 
o) 0 
1 qsP =7.24 
............................................... 
3 
slope = 1.5 
0.0 0.2 0.4 D. 6 u. ts -r .u 
tog C[71] 
Figure 3.24: Variation of zero shear specific viscosity with degree of space 
occupancy for SWP at 35°C. 
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A plot of log Q,, against log c[r{] over the viscosity range 1< ASP < 7.24 gave a slope 
of 1.5, and at higher values of Tlp the slope increased to 3.3. The c* value calculated 
from the graph was found to be 3.3 g 1-1 
Below 16% (w/v) the viscosity of SWP decreased with an increase in 
temperature (Figure 3.25). Above 16% (w/v), the viscosity increased only when the 
temperature was above 90°C (Figure 3.26). 
2,500 
: Z, 4000 
ora 
I , 500 
1,000 
SAA 
0 
77 
S 
od 
4 
POO 
cý 
-ý 2 
I 
ý.. 
567S9 70 11 12 13 14 15 16 17 1S 
COýCezl. trfýt, *0äi (ýür 'ýf w) 
Figure 3.25: Comparison of the viscosity of S)AT at 20°C and 95°C. 
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Figure 3.26: Comparison of the viscosity of different concentrations of SWP 
at varying temperatures. 
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3.3.4 Hydrophobicity Studies 
The exposed hydrophobicity was found to be higher (22,000) than the surface 
hydrophobicity (6000) (Figure 3.27). 
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Figure 3.27: Comparison of the surface and exposed hydrophobicity of SWP. 
3.3. S DSC 
Up to 94°C SWP remained stable with no sign of denaturation or conformational 
change in its tertiary structure (Figure 3.28). 
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Figure 3.28: DSC thermogram of 10% SNP at a scanning rate of 0.5°C/miry. at pH 7 
3.3.6 Phase contrast microscopy 
Hydration of SWP resulted in the formation of large aggregates (Plate 3.22) which 
broke on heating (Plate 3.23). 
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Plate 3.22: Phase contrast photomicrograph of 19% (w/v) SWP solution at room 
temperature 
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Plate 3.23: Phase contrast photomicrograph of 19% (wlv) S NAT solution at 60°C. 
3.3.7 Haematoxylin and Eosin Staining 
Plate 3.24 shows binding of the eosin dye to the large aggregates of hydrated SWP at 
room temperature. Heating broke the aggregates (Plate 3.25) with some sign of 
structure formation at higher temperatures (Plate 3.26), 
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Plate 3.24 A photomicrograph of 19% (w/v) S WT solution at room temperature 
c+ ; np - with haematoxylin and eosin. 
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Plate 3.25: A photomicrograph of 19% (w/') S' solution heated at 60°C and 
stained with haematoxylin and eosin, 
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Plate 3.26: A photomicrograph of 19% (w/v) SWP solution heated at 80°C and 
C+ainPri With haematoxylin and eosin. 
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3.3.8 Haernatoxylin Staining 
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Plate 3.27: A photomicrograph of 19% (w/v) SVvT ± DTT at room temperature 
stained with haematoxylin and eosin. 
Plate 3.28: A photomicrograph of 19% (w/v) SWP at room temperature 
qt ained with haematoxylin. 
Plate 3.27 show the effect of DTT on SWP at room temperature when stained with 
haematoxylin and eosin, Ha. ematoxyiin stained SWP dispersions in the presence and 
absence of DTT are shown in Plates 3.28 and 3.29. DTT reduces disulphide bonds. 
3.3.9 CD 
The CD measurements were made on both gliadin and deamidated gliadin to see how 
deamidation affected the secondary structure of gliadin at room temperature and how 
deamidated gliadin changed structure on heating prior to gelation or when it 
interacted with other molecules. The CD spectra of gliadin at room temperature is 
shown in Figure 3.29, with the secondary structural elements as follows: 
a-Helix = 24%; O-sheet = 40% remainder = 36% 
Deamidated gliadin (Figure 3.30) at room temperature was found to contain: 
a-Helix = 47%; ß-sheet = 0% remainder = 53% 
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Plate 3.29: A photomicrograph of 19% (,. w/v) SWP ± DTT at room temperature 
stained with haematoxylin. 
As deamidated gliadin was heated from 21.3°C to 84.9°C, there was some loss of a- 
helices to random coil especially between 59.6°C and 76.2°C. The secondary 
structural elements at 84.9°C were: a-Helix 30%; ß-sheet = 0% remainder = 70% 
and when cooled to 21.2°C : a-Helix = 47%; ß-sheet = 13% remainder = 39% 
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Figure 3.29: CD spectra of gliadin in 50% ethanol at room temperature 
and pH 7. 
On cooling from 84.9°C to 21.2°C the a-helices reformed and some of the random 
coil changed to ß-sheets. The structure on the whole was very stable and reversible 
(Figure 3.30). In the aromatic region as shown in Figure 3.31, the position of 
+*-v,,, +, ii n vxra c inn tneiI by the deamidation. On the other hand, although the 
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disulphide bonds in both gliadin and deamidated gliadin are hidden from the solvent, 
the deamidation process preferentially shifted the disulphide bonds towards the 
surface. A comparison of the aromatic regions for deamidated gliadin at room 
temperature and when cooled after heat treatment (Figure 3.32), showed that heating 
changed the position of tryptophan towards the surface and the disulphide bonds, 
although still in the interior of the protein, also shifted to the surface. 
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Figure 3.30: CD spectra of deamidated gliadin in distilled water at varying 
temperatures and at pH 7. 
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Figure 3.31: CD spectra of 0.5mg/ml gliadin and 0.625mg/ml deamidated gliadin at 
room temperature and pH 7 (deamidated gliadin, [red] top; gliadin, [black] bottom). 
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Figure 3.32: CD spectra of 0.625mg/ml deamidated gliadin at room temperature and 
after heating and cooling at pH 7. (heat & cool, [red] top; room temperature, [black] 
hnttnm) 
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Figure 3.33: Comparison of the CD spectra of heat treated deamidated gliadin with 
and without 8gl/ml 3-rnercaptoethanol. 
3.3.10 Dynamic Mechanical Testing 
SWP does not gel below IO0°C but was made to gel in the presence of 
ß-mercaptoethanol (Figures 3.34 and 3.35). ß-Mercaptoethanol reduced the 
disulphide bonds which allowed the gliadin and glutenin molecules to unfold. As it 
evaporated from the sample new disulphide bonds were formed between the unfolded 
molecules and caused a network to be formed (Figures 3.34 and 3.35). 
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Figure 3.34: Frequency sweep of 12% (w/w) SVVP at 3 0°C, with a strain of 2%. 
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Figure 3.35: Frequency sweep of 12% (w/w) SWP + ß-mercaptoethanol (8µ/ml) at 
C, with a strain of 2%. 
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3.4 DISCUSSION 
The atomic force experiments showed that gliadin molecules were spherical and 
tended to aggregate (Plate 3.5 - 3.8). The diameter was found to be approximately 
32nm (Plate 3.10). SANS results gave two different radii of gyration for both gliadin 
and deamidated gliadin (Table 3.13). If Rg2 is the actual radius of gyration, then Rg1 
would have to be an aggregate. AFM results were five times bigger than the SANS 
results. As the magnification of AFM was pushed to the limit where it was just 
impossible to immobilize the proteins, a different picture emerged (Plate 3.12). 
Gliadin was not spherical, which was also mentioned by Krejci and Svedberg (1935). 
The axial ratio according to Plate 3.12 was approximately 15/4 = 3.75. Lamm and 
Poulsen (1936) reported an axial ratio of 8: 1 from diffusion measurements whilst 
Entrikin (1941) reported an axial ratio of 13: 1 from dielectric measurements. It could 
also be argued that the image of gliadin as seen from Plate 3.12 is only part of the 
gliadin molecule with a hole in the middle as suggested by Grosskreutz (1961). The 
diameter of the central hole in this study was approximately 5-6nm, whereas, that 
proposed by Grosskreutz (1961) was l00Ä. It is being proposed from this study that 
molecules of gliadin which are not spherical in shape aggregated to a compact 
spherical form of diameter 32nm, which can be called a unit. This unit then 
aggregated with other units to form massive aggregates as shown in Plates 3.5 to 3.8. 
SAXS and STM measurements made on y-gliadin indicated a molecule about 10nm 
long, with a diameter of 3nm ( Thomson et al., 1992). 
Another feature that came to light in the SANS experiment was that alcohol was 
preferentially adsorbed onto the surface of the gliadin molecules to form an inner 
solvent layer with water as the external layer (Figure 3.20). This did not occur with 
deamidated gliadin. The CD results in the present study did not match those found 
for y-gliadin (Tatham et al., 1990b). It was mentioned in their study that the 
repetitive domain of y-gliadin adopted a ß-reverse turn whilst the non-repetitive 
domain was a-helix. Kasarda et al. (1968) showed gliadin to be 33-34% a-helix 
which matched the results of the computer prediction (chapter 4). Reverse turns are 
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normally short (chapter 1). If they are extended as in the gliadins, then there is the 
possibility that they might form ß-sheets. Changing the polar but non-ionisable 
glutamine for glutamic acid in deamidated gliadin increased the helix content. 
Polyglutamic acid is an a-helix. Deamidated gliadin was found to be very stable 
(Figures 3.30 and 3.28). No endotherm was found between 50°C and 94°C from the 
DSC study and the CD study showed reversibility. The disulphide bonds in both 
gliadin and deanlidated gliadin were found to be in the interior of the protein. If the 
deamidation process denatured gliadin, then it is likely that some of the disulphide 
bonds may be reduced and be exposed. In this study it is proposed that, the 
deamidation process caused some conformational change in the protein without 
disrupting the disulphide bonds. 
It was not possible to find an isolated deamidated gliadin molecule in the AFM study 
even at the dilution and magnification used (Plates 3.13 to 3.17). This may be due to 
the fact that the samples were dissolved in distilled water, and surface tension may 
have pulled the molecules together on drying. 
ß-Mercaptoethanol reduced the disulphide bonds and partly unfolded deamidated 
gliadin which through disulphide interchange with other molecules formed strands as 
the ß-mercaptoethanol evaporated. This led to the formation of a network (Plate 
3.18). When urea was added, the deamidated gliadins formed fibrils of around 343nm 
diameter (Plate 3.19 to 3.21). The difference between the two structures was that 
although ß-mercaptoethanol destabilized the molecule, water prevented the 
hydrophobic groups from being exposed to the surface. When urea was added, the 
hydrophobic groups were exposed and different molecules came together through a 
combination of hydrophobic interactions and disulphide bond formation. Although 
deamidated gliadin contains substantial amounts of glutamic acid which would be 
expected to lead to electrostatic repulsion. The molecules tended to aggregate due to 
a predominance of hydrophobic groups (Appendix A). 
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Below 16% (w/v) the viscosity of SWP decreased with increasing temperature 
(Figure 3.25). Above 16% (w/v), the viscosity increased only when the temperature 
was above 90°C (Figure 3.26). The exposed hydrophobicity (Figure 3.27) was 
greater than the surface hydrophobicity. SWP dispersions aggregated at room 
temperature. On heating, to 60°C the aggregates collapsed (Figure 3.25 and 3.26) 
leading to the decrease in viscosity. Reduction in the size of the aggregates exposed 
more hydrophobic groups (Figure 3.27) on the surface of the molecules for both 
deamidated gliadin and dearnidated glutenin. 
Staining SWP with haematoxylin and eosin proved that SWP was only partially 
deamidated. The red colour in Plate 3.24 indicated eosin binding to basic residues in 
SWP. Most of the basic residues were on the large aggregates which were most likely 
to be deamidated glutenin since they are known to polymerize into large molecular 
weight particles. On heating to 60°C the large aggregates broke up (Plate 3.25) and 
at higher temperatures of 90°C structure formation was observed (Plate 3.26). When 
an aliquot of a reducing agent, DTT was added to SWP at room temperature the 
large aggregates broke up into strands (Plate 3.27). Plates 3.28 and 3.29 show the 
effect of haematoxylin staining on SWP with and without DTT which gave a better 
definition of the shape and size of the dispersions. 
Below 3% (w/v) SWP exhibited Newtonian flow with viscosity independent of shear 
rate (Figure 3.22). Above 3% (w/v) Newtonian flow was still evident at low shear 
rates whilst at high shear rates shear thinning occurred. The intrinsic viscosity of 
SWP was found to be 0.9 dl g'1 (Figure 3.23). Glutenin in pH 3.1,0.0031 buffer 
had a high intrinsic viscosity of 2.23 (100 mlg"') that decreased markedly to 0.7 with 
increase in buffer concentration according to Taylor and Cluskey (1962). They 
interpreted these findings to indicate that molecules of glutenin are highly asymmetric 
and fairly loosely organised since they tend to unfold in lower ionic strength 
solutions. Dissociating agents like urea and guanidine hydrochloride increased the 
intrinsic viscosity of glutenin due to additional unfolding and gliadin was found to 
have an intrinsic viscosity of 0.16 (Wu and Dimler, I964). In the present study the 
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intrinsic viscosity of SWP was probably determined by the deamidated glutenin 
fraction, because intrinsic viscosity is related to molecular weight by the empirical 
Mark-Houwink equation. For rigid spheres, Einstein showed that intrinsic viscosity is 
independent of molecular weight. Thus the intrinsic viscosity of various globular 
proteins falls within the range 0.031 to 0.043 dUgm, with no correlation between M 
and [r] (Yang, 1961). For prolate (cigar-shaped) or oblate (disk-shaped) ellipsoids of 
revolution the intrinsic viscosity is a function of the axial ratio only and does not 
depend on the molecular weight of the particle. The factor that determined the 
intrinsic viscosity of SWP cannot be spherical. 
3.5 CONCLUSIONS 
40 Molecules of gliadin (with a radius of gyration of 32A) which are not spherical in 
shape aggregated to a compact spherical form of diameter 32nm, which can be 
called a unit. This unit then aggregated with other units to form massive 
aggregates. 
" Although gliadin was soluble in 50-70% ethyl alcohol, the solvent was partitioned 
into an inner layer of alcohol around the gliadin molecule with an outer layer of 
water. 
" Deamidated gliadin was found to be very stable between 50-94°C. Although there 
were changes in the secondary structural elements upon heating, the changes 
were reversible on cooling. 
" The disulphide bonds in both gliadin and deamidated gliadin were found to 
be in 
the interior of the protein. 
" Although SWP does not gel below 100°C, reduction of the 
disulphide bonds with 
WP at room temperature. 
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" SWP aggregated at room temperature when hydrated through hydrophobic 
interactions. The aggregates were broken on heating to 60°C although for 
concentrations > 16'% (w/v) dispersions, higher temperatures of 90°C resulted in 
an increase in viscosity and an increase in network formation. 
" Below 3% (w/v), SWP was found to be Newtonian but shear thinning above 3% 
(w/v). The intrinsic viscosity of SWP was found to be 0.9 cm3g' 
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ECHAPTER 4 
4.0 COMPUTER PREDICTION AND MODELLING 
4.1 Introduction 
The aim of this study is to predict the secondary structure and ultimately the tertiary 
structures of gliadin and deamidated gliadin in order to understand the effect 
deamidation has on the structure and function of gliadin; and the interaction of 
deamidated gliadin with the other proteins used in the project, i. e., BSA, a-lactalbulmin, 
ß-lactoglobulin, lysozyme and clupeine. Unlike BSA and the whey proteins, the 
secondary and tertiary structures of gliadin and glutenin are not available due to 
difficulties in purification and in the formation of crystals required for X-ray 
crystallography. There is the need to know the three-dimensional structure before we can 
begin to understand protein function at the molecular level. Despite the limited scope of 
available structural data, it has become increasingly clear that proteins fall into distinct 
structural families, built from an apparently limited set of motifs (Richardson, 1981). 
Since the primary structure of a protein specifies its three-dimensional structure, it 
should be possible, at least in principle, to predict the native structure of a protein from a 
knowledge of only its amino acid sequence. This might be done using theoretical 
methods based on physicochemical principles, or by empirical methods in which 
predictive schemes are distilled from the analyses of known protein structures. 
Theoretical methods, which usually attempt to determine the minimum energy 
conformation of a protein, are mathematically quite sophisticated and require extensive 
computations. Empirical methods are usually easier to apply than are theoretical methods 
and have had remarkable success. Clearly, certain amino acid sequences 
limit the 
conformations available to a polypeptide chain; for example, a 
Proline residue cannot 
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assume an a-helical conformation or contribute a backbone hydrogen bond. Likewise, 
steric interactions between several sequential amino acid residues with side chains 
branched at Cß (for instance Ile and Thr) will destabilize an a-helix. Furthermore, there 
are more subtle effects that may not be apparent without a detailed analysis of known 
protein structures. Renaturation experiments (Anfinsen et al., 1961; Anfinsen, 1973; 
Wetlaufer and Ristow, 1973) have shown that the information for folding the tertiary 
structure of a native protein is coded in its amino acid sequence. Hence, it appears likely 
that a close examination of the sequence data may reveal the principles of chain folding 
so that it may be possible to predict the three-dimensional structure of proteins. 
4.2 Homology 
The primary structure of a protein is the most commonly used data base to predict the 
similarity in structure and function between two proteins. Such comparisons typically 
require aligning the two sequences to maximize the number of identical residues while 
minimizing the number of sequence insertions or deletions that must be used to achieve 
this alignment. Two sequences are frequently termed homologous when their sequences 
are highly correlated. In its correct usage homology only refers to proteins that have 
evolved from the same gene whereas analogy or similarity is used to describe the 
sequences from two proteins that are similar but for which no evolutionary relationship 
has been proven (Patterson, 1988; Reeck et al., 1987). In this study homology was 
ascertained for the gliadins and glutenins to find out the relationship between the proteins 
in gluten, the conserved amino acids, the possible antigenic sites and the type of deletions 
and insertions which created differences in their structure and function. A database 
search for homology to known sequences is a good first step in any analysis. Gliadin and 
deamidated gliadin were matched against all the proteins in the SWISSPROT and OWL 
databases without success, the objective being that a homologous protein in the database 
could give clues to the structure and function of gliadin and deamidated gliadin, and if 
the protein has been deposited in the Protein Data Bank (PDB) then it can be used to 
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model the tertiary structure of gliadin and deamidated gliadin using the COMPOSER 
program (Appendix D). 
4.2.1 Theory 
The genetic message is carried through generations encoded in the deoxyribonucleic 
acid, DNA. For protein synthesis, this information is transferred to messenger 
ribonucleic acid (mRNA) through a template mechanism. The information is finally given 
to the protein synthesizing sites on ribosomes by mRNA acting as a template for the 
assembly of the polypeptide chains in the proper sequence. Throughout all these 
processes, the order or sequence of the message is maintained, although expressed in 
different ways. The final product, the polypeptide, has the sequence of amino acids 
dictated by the sequence of the original DNA. The entire process is called the storage 
and transfer of biochemical information. Information theory considers the properties of 
messages. Since macromolecular sequences are long series of letters, it is logical to apply 
information theory to them. This in effect is the basis for all the programs on homology. 
The information content, or message length, of a sequence can be described as the 
number of bits needed to uniquely specify the message, where one bit distinguishes 
between two equally likely things. 
The information content of a random message can be calculated from the symbols' 
frequencies as follows: 
n 
I= -1: P; log2Pi i=I 
where Pi is the probability of finding symbol i at any position. Most of the programs are 
based on either of two theories with modifications. The two main theories are: 
" Dot Matrix methods 
" Dynamic Programming methods. 
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4.2.1.1 Dot Matrix Method 
A dot matrix is easy to understand and can even be constructed by hand. To compare 
two sequences, A and B, sequence A is written out vertically with each letter (residue) 
representing a row, and sequence B is written out horizontally with each representing a 
column. Then, each letter (row) of sequence A is compared to each letter (column) of 
sequence B and a dot is placed at the intersection of each row and column where the 
letters are identical. One then visually inspects the matrix for meaningful patterns of dots 
that represent certain sequence features. As an example when a self comparison of 
sequences of letters are matched the dot matrix is always symmetrical (Figure 4.1). Note 
the identity diagonal representing a one-to-one alignment of the sequence with itself. Self 
comparison is the method for detecting and characterizing internal repeats in proteins. If 
one of the name sequence should undergo a deletion or insertion with respect to the 
other then there is a displacement of the main diagonal (Figure 4.2). 
Figure 4.1: Intrasequence comparison of two identical names. 
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There is no identity diagonal because the sequences are different. Such displacements are 
important indicators of gap placement in sequence alignments. in the next example, there 
is no diagonal (Figure 4.3). 
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Figure 4.2: Comparison of a wild type name and a deletion mutant name. 
Figure 4.3: Intersequence companson 
Divergent evolution results in adaptive changes in a structure to different structures, 
whereas convergent evolution results in adapted changes of different (and unrelated) 
structures to structures resembling one another. In this sense homologous proteins have 
genetic origins and arise from divergent evolution. Figure 4.2 can be compared to a 
divergent evolution whilst Figure 4.3 to either a convergent evolution or no relationship 
whatsoever. An in-depth analysis of the foregoing information can be obtained by 
biochemical and biophysical studies. 
Homologous proteins probably arise from gene duplication. The duplicate genes would 
initially produce the same protein. A mutation in either of the genes would be the first 
step toward the development of homologous proteins. Analogous proteins would have 
different genetic origins and arise from convergent evolution. The semantics therefore 
are ones of origin. All three plots contain noise, which are points which cannot be 
matched with other points to form diagonals. Filtering techniques are therefore necessary 
to clean up the noise. The most widely-used procedure compares the sequences using 
overlapping, fixed length "windows" and requires that the comparison achieve some 
minimum threshold value or score, summed over the window, before qualifying as a 
match. The minimum score indicative of a significant match may be found empirically or 
may be derived from some statistical model of sequence similarity. How does one decide 
what window size to use? Most programs provide a default window that is adequate for 
preliminary analysis, but experimentation is needed to find the most appropriate window 
value for the study. For sequences that contain internal repeats like the gliadins, using a 
multiple of the repeat unit length can be desirable to suppress background noise. For 
repeats that are polymorphic in length like the glutenins, using a window that is about 
half the size of the average repeat length may be desirable for maximum sensitivity. If 
Figure 4.2 is computed using a window of 5 letters, and a stringency of 60%, then 3 out 
of 5 must match to pass the test. 
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15 
A GEORG 
+ ++ ++ score 100% (5/5 matches) 
B GEORGESLOUISFRIEDLI 
15 
next, characters 1-5 of A are compared with characters 2-6 of B. 
15 
GEORG 
----- score 0% (015 matches) 
B GEORGESLOUISFRIEDLI 
26 
This is carried out to the end of B and only results above the threshold of 60% recorded. 
This sliding window computation is then repeated with characters 2-6 of sequence A, 
evaluating every overlapping span and so on until the end of sequence A is reached. The 
sensitivity can be adjusted by varying the window and stringency. A more sensitive way 
to measure local similarity of protein sequences uses a scoring system takes into account 
the physical, chemical structure and/or evolutionary similarity of the amino acid residues. 
A sliding window comparison is performed, exactly as before, but instead of summing 
the number of identities alone, the sum of similarity scores is calculated. The example 
above is repeated using a window of 5 residues and the PAM-250 matrix (Dayhoff, 
1978). 
15 
A GEORG 
54065 score of 20 
B GEORGESLOUISFRIEDLI 
15 
next, characters 1-5 of A are compared with characters 2-6 of B. 
I5 
A GEORG 
00 0-3 0 score of -3 
B GEORGESLOUISFRIEDLI 
26 
165 
The procedure is again carried through to the end as before. The results are then plotted 
with the first scan on one axis and the second on the other axis. 
4.2.1.2 Dynamic Programming Method 
Dot matrix methods rely on the power of the brain to recognize patterns indicative of 
similarity and to add gaps to the sequence to achieve an alignment. It can be quite 
difficult to get optimal alignment or if there are more than two sequences to process. In 
dynamic programming, if two sequences I and 2 numbered 1 to i and 1 to j respectively 
are aligned, then 
S# = s;; + maxSkl (1) 
1 <k<i 
1<_l<j 
where S, ý is the score for the alignment ending at i in sequence I and j in sequence 2 
s, is the score for aligning i with j. 
Actual alignment are calculated in two stages. First the two sequences are arranged on a 
lattice in much the same way as in dot matrix methods. For each point in the lattice, the 
alignment score Sj, is calculated. At the same time, the position of the best alignment in 
the previous row or column is stored. This stored value is called a pointer and is 
represented by an arrow. In the second stage, the alignment is produced by starting at 
the highest alignment score in the lattice, and building up the alignment from right to left 
by following the pointers. This second stage is called the traceback. A graph of the 
pointers is sometimes referred to as a path graph because it defines the path through the 
lattice that corresponds to the optimal alignment (Doolittle, 1987). The simple alignment 
method explained above applied no penalties for the introduction of gaps. For longer 
sequences, like the gliadins and glutenins, gpa penalties must be used to produce sensible 
alignment. This allows us to rewrite equation (1) as follows: 
Sý = S# + maXSi-1, =1 or 
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Sy =sy+ maxS1_x j-1 + wx-1 or 
2<x<i 
S= Si] + maxS, -1 j y+ wy-1 2<y<i 
where S is the score for the alignment ending at i in sequence 1 and j in sequence 2 
s; 1 is the score for aligning i withj 
w, is the score for making ax long gap in sequence 1 
wy is the score for making ay long gap in sequence 2 
allowing gaps to be any length in either sequence. 
The scores for gaps , w, are negative and are often referred to as qap penalties. Gap 
penalties were originally applied as a single penalty, regardless of the length of the gap 
(Needleman and Wunsch, 1970), or as penalty for each gap character inserted into the 
sequences (Sellers, 1974). More recently, most programs have relied on gap penalties 
with both a length-dependent and a length-independent term as: 
Wx=g+lx 
where wx is the penalty for a gap of length x 
g is the length-independent term (gap opening penalty) 
I is the length-dependent term (gap extension penalty). 
The length-independent term of the penalty (g) is applied to all gaps regardless of their 
length. It can be considered a penalty that is paid when the first base or residue is aligned 
with a gap character, and is therefore sometimes called a gap opening or gap creation 
penalty. The length-dependent term (1) of the gap penalty increases with the length of the 
gap and can be considered to be a penalty paid as each successive position is added to 
the gap. For this reason, it is sometimes called a gap extension penalty. Typical values 
for the gap creation penalty are in the range of one half to five times the score for a 
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match. The gap extension penalty is usually smaller than the gap creation penalty, often 
in the range of a tenth to one times the score of a match. When these gap penalty values 
are used, an alignment must gain a substantial number of matches to be worth adding a 
gap, but a long gap costs only slightly more than a short gap. This coincides with the 
knowledge of the mutational process which suggests that long insertions and deletions of 
various lengths can be produced by single mutational events. Penalties applied to end 
gaps are called weighted end-gaps and if a penalty is not applied to an end-gap, it is 
referred to as unweighted-end gap. For sequences that are known to be homologous, it 
makes sense to weight end-gaps. However, if the sequences are different lengths, or of 
unknown homology, it is probably a best not to weight end-gaps. If one is not sure 
whether the program being used uses weighted end-gaps, adding small amounts of 
additional sequences to the end of one sequence and observing the effect on the 
alignment should prove the point. 
4.2.2 Method 
Sequences for the gliadins and glutenins (Appendix A) were obtained from the OWL 
database (Appendix D) and a multiple alignment was carried out with MACAW 
(Appendix D). 
4.3 Motif Search 
Sequence motifs are derived from homologous sequences, for which there may or may 
not be any structural information available. The identification of sequence motifs 
has 
traditionally been performed by aligning two or more homologous sequences and then 
constructing a consensus sequence for residue positions, which are absolutely conserved. 
Some sequence patterns are reliably associated with a specific structure. 
These patterns 
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are known as structure-related sequence motifs. Searching through the sequence of 
gliadin and deamidated gliadin for motifs similar to those of proteins of known structure 
and function could help analyse possible structural clusters or functions, otherwise 
unknown, for the storage protein and its chemical modified relative. 
4.3.1 Method 
A search was done using PROMOT (Sternberg, 1991) to scan protein sequences for 
PROSITE (Appendix D) patterns (Bairoch, 1990). The structure and function of the 
motifs found were then investigated for possible relations to gliadin or modified gliadin. 
4.4 Secondary structure determination 
4.4.1 Introduction 
Several methods have been developed to predict the positions of a-helices, ß-strands and 
turns from the amino acid sequence (McLachlan, 1971; Kabat and Wu, 1972; Nagano, 
1973; Chou and Fasman, 1974; Lim, 1974; Burgess and Scheraga, 1975; Dufton and 
Hider, 1977; Gamier et al., 1978; Taylor and Thorton, 1984; Zvelebil et al., 1987; Qian 
and Sejnowski, 1988; Kneller et al., 1990). Some methods are based on physical 
properties of amino acids (Lim, 1974), others on statistics of amino acid distributions in 
secondary structures as determined by X-ray crystallography (Chou and Fasman, 1974; 
Gamier to al., 1978). Still others are based on sequence patterns typical of the various 
types of secondary structure segments (Cohen et al., 1986). Some newer prediction 
methods use neural nets (Qian and Sejnowski, 1988; Holley and Karplus, 1989) and 
others artificial intelligence approaches (Kneller et al., 1990). The Chou and Fasman 
method will be described in detail as that is the most popular and easy to understand. 
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4.4.2 Theory 
Chou and Fasman 
The application of the Chou and Fasman method requires a knowledge of protein 
conformational parameters. For the calculation of these parameters, it is essential to use 
high-resolution X-ray data for the delineation of the different conformational states. The 
conformation of a protein chain can be described by the dihedral angles 4) and yi which 
correspond to rotations about the N-Ca and C`-C bonds. All consecutive sequences of 
four or more residues having c), it angles within 40° of (-60°, -50) are considered to be 
helical (right-handed) (Chou and Fasman, 1978; IUPAC-IUB, 1970). A consecutive 
sequence of three or more residues having 4), yr angles within 400 of (-120°, 110) or (- 
140°, 135°) are considered to be in the parallel or anti-parallel 0-conformation (Chou and 
Fasman, 1978; IUPAC-TUB, 1970) even if these residues are not involved in hydrogen 
bonding. Residues in the protein that are not in helical or j3-sheet regions are assigned to 
the coil conformation irrespective of the 4), W angles of the residue. The ß-turns (also 
called ß-bends, hairpin loops, reverse turns, and 310 bends) consist of four consecutive 
residues in a protein where the polypeptide chain folds back on itself by nearly 180° 
(Venkatachalam, 1968; Lewis et al., 1971,1973; Kuntz, 1972; Crawford et al., 1973; 
Chou and Fasman, 1977). Tetrapeptides whose C°`; - C; +3°` distances are below 7 
Angstrom and not in a helical region are characterised as 0-turns, (Lewis et al., 1973, 
Chou and Fasman, 1977). Using the criteria described above for the four conformational 
states, Chou and Fasman delineated the number of amino acids in the a, ß, coil, and J3- 
turn regions of 29 proteins (Chou and Fasman, 1978). The frequency, fa , with which a 
given residue occurs in an a-helix in a set of protein structures is defined as 
fa = na /n 
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where na is the number of amino acid residues of the given type that occur in a-helices 
and n is the total number of residues of this type in the set. The propensity of a particular 
amino acid residue to occur in an a-helix is defined as 
'a 
/<f> pa=f 
where <fa> is the average value off, for all 20 residues. Accordingly, a value of Pa >1 
indicates that a residue occurs with greater than average frequency in an a-helix. The 
propensity, Pß , of a residue to occur in a ß-sheet is similarly defined. The average 
frequency for helices, ß-sheets, and ß-turns are respectively <fa, > 0.38, <fß> = 0.20, and 
<ft> = 0.32. The conformational potentials are shown in the Table 4.1. 
Table 4.1: Conformational parameters for a-helical, ß-sheet, and fi-turn residues in 29 proteins. 
Pa P Pt f f+1 fI+2 fi+3 
Glu 1.51 Ha, Val 1.70 H Asn 1.56 Asn 0.161 Pro 0.301 Asn 0.191 Trp 0.167 
Met 1.45 H0, He 1.60 llý Gly 1.56 Cys 0.149 Ser 0.139 Gly 0.190 Gly 0.152 
Ala 1.42 Ha T 1.47 Iß Pro 1.52 Asp 0.147 Lys 0.115 Asp 0.179 Cys 0.128 
Leu 1.21 I, Phe 1.38 bi3 Asp 1.46 His 0.140 Asp 0.110 Ser 0.125 Tyr 0.125 
Lys 1.16 ha, Trp 1.37 Ser 1.43 Ser 0.120 Thr 0.108 Cys 0.117 Ser 0.106 
Phe 1.13 ha Leu 1.30 Cys 1.19 Pro 0.102 Arg 0.106 Tyr 0.114 Gin 0.098 
Gln 1.11 ha Cys 1.19 h Tyr 1.14 Gly 0.102 Gln 0.098 Arg 0.099 Lys 0.095 
Trp 1.08 ha Thr 1.19 Lys 1.01 Thr 0.086 Gly 0.085 His 0.093 Asn 0.091 
Ile 1.08 ha Gln 1.10 h Gln 0.98 Tyr 0.082 Asn 0.083 Glu 0.077 Arg 0.085 
Val 1.06 h« Met 1.05 h Thr 0.96 Trp 0.077 Met 0.082 Lys 0.072 Asp 0.081 
Asp 1.01 1« Ar 0.93 i Trp 0.96 Gln 0.074 Ala 0.076 Thr 0.065 Thr 0.079 
His 1.00 Ia Asn 0.89 i Arg 0.95 Arg 0.070 Tyr 0.065 Phe 0.065 Leu 0.070 
Arg 0.98 i.. His 0.87 i His 0.95 Met 0.068 Glu 0.060 Trp 0.064 Pro 0.068 
Thr 0.83 is Ala 0.83 i Glu 0.74 Val 0.062 Cys 0.053 Gin 0.037 Phe 0.065 
Ser 0.77 is Ser 0.75 b Ala 0.66 Leu 0.061 Val 0.048 Leu 0.036 Glu 0.064 
s 0.70 iý Gly 0.75 b Met 0.60 Ala 0.060 His 0.047 Ala 0.035 Ala 0.058 
0.69 ba Lys 0.74 b Phe 0.60 Phe 0.059 Phe 0.041 Pro 0.034 He 0.056 
Asn 0.67 ba Pro 0.55 B Leu 0.59 Glu 0.056 He 0.034 Val 0.028 Met 0.055 
Pro 0.57 Ba Asp 0.54 B Val 0.50 Lys 0.055 Leu 0.025 Met 0.014 His 0.054 
Gly 0.57 Ba Glu 0.37 B Ile 0.47 Ile 0.043 Trp 0.013 Ile 0.013 Val 0.053 
Source: Chou, P. Y. and Fasman, G. D. (1978)Annu. Rev. Biochem. 47; 258. 
Table 4.1 contains a list of a- and j3-propensities based on the analysis of 29 X-ray 
structures. In accordance with its value of a given propensity, a residue is classified as a 
strong former (H), former (h), weak former (I), indifferent former (i), breaker (b), or 
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strong breaker (B) of that secondary structure. Using these data, Chou and Fasman 
formulated the following empirical rules to predict the secondary structures of proteins: 
"A cluster of four helix-forming residues (Ha or ha,, with Ia, counting as one half ha, ) 
out of six contiguous residues will nucleate a helix. The helix segment propagates in 
both directions until the average value of Pa for a tetrapeptide segment falls below 
1.00. A Pro residue, however, can only occur at the N-terminus of an a helix. 
"A cluster of three ß-sheet formers (Hp or hp) out of five contiguous residues 
nucleates a sheet. The sheet is propagated in both directions until the average value 
of Pß for a tetrapeptide segment falls below 1.00. 
" For regions containing both a- and ß- forming sequences, the overlapping region is 
predicted to be helical if its average value of Pte, is greater than its average value of 
Pß; otherwise a sheet conformation is assumed. 
4.4.3 Method 
The secondary structure of gliadin and deamidated gliadin were predicted using a joint 
prediction method made up of the methods of. McLachlan, (1971), Kabat and Wu, 
(1972), Nagano, (1973), Chou and Fasman, (1974), Lim, (1974), Burgess and Scheraga, 
(1975), Dufton and Hider, (1977) and Gamier et al., (1978). 
4.5 Supersecondary structure determination 
4.5.1 Theory 
The supersecondary structure of proteins is divided into a, ß, aß, and a+; ß. There is a 
small variety of proteins which do not conform to any of these classes. These proteins 
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fall under the group IRR (irregular). They are mostly proteins with very high affinity for 
metals e. g. metallothioneins 
4.5.2 Method 
The method used to predict the supersecondary structure is a statistical method similar in 
principle to the Ramachandran plot. The Ramachandran plot is a statistical method based 
on torsion angles (4) and 'ir). The supersecondary structure method plots the deviation of 
individual amino acids of a test protein from the mean of equivalent amino acids of all 
the proteins in the database (Fig 4.8 e. g lysozyme). This deviation is plotted in 20 
dimensions and the result falls into one of the supersecondary structure domains which is 
then assigned to the test protein. 
4.6 RESULTS 
4.6.1 Homology 
The homology of the gliadins are shown in Figure 4.4, whereas similar homology studies 
of the glutenins can be found in Appendix 2. The results are summarised in Table 4.2 for 
the gliadins, Table 4.3 for LMW glutenins, Table 4.4 for BMW glutenins and Table 4.5 
for the LMW glutenins and y-gliadins. 
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Figure 4.4: Homology of Gliadins 
Penalty: 40 
1 10 20 30 40 50 Code ! -------- ! ---------! --------- ! ---------! ---------- [ 1] GDA5 MKTFLILALLAIVATTATTAVRVPVPQLQPQNPSQQQ-PQEQVPLV-QQQ 
[ 2] GDA7 MKTFLILAL---VATTATTAVRVPVPQLQPKNPSQQQ-PQEQVPLV-QQQ 
[ 3] GDA4 MKTFLILALRAIVATTATIAVRVPVPQLQPQNPSQQQ-PQKQVPLV-QQQ 
[ 4] GDA9 MKTFLILALLAIVATTARIAVRVPVPQLQPQNPSQQQ-PQEQVPLV-QQQ 
5] GDA2 MKTFPILALLAIVATTATTAVRVPVPQLQLQNPSQQQ-PQEQVPLV-QEQ 
[ 6] GDA3 MK TFLILALLAIVATTATSAVRVPVPQLQPQNPSQQQ-PQEQVPLMQQQQ 
7] GDA6 MKTFLILALLAIVATTATTAVRVPVPQPQPQNPSQPQ-PQGQVPLV-QQQ 
[ 8] GDAO MKTFLILVLLAIVATTATTAVRFPVPQLQPQNPSQQL-PQEQVPLV-QQQ 
9] GDA1 MKTFLILALLAIVATTATTAVRVPVPQLQPQNPSQQQ-PQEQVPLV-QQQ 
[10] GDB2 MKTLLILTILAMAITIGTANIQVD-PSGQVQWLQQQLVPQLQQPLSQQPQ 
[11] GDBB MKTLLILTILAMAITIATANMQAD-PSGQVQWPQQQPFLQPHQPFSQQPQ 
[12] GDBX MKTLLILTILAMATTIATANMQVD-PSGQVQWPQQQPFPQPQQPFCQQPQ 
[13] GDB1 MKTFLVFALIAVVATSAIAQMETS ---- CISGLER---PWQQQPL--PPQ ************************************************************ 
51 60 70 80 90 100 
[ 1] GDA5 Q-FPGQQQQFP--PQQPYPQPQPFPSQQPYLQL-QPF-----------PQ 
[ 2] GDA7 Q-FPGQQQQFP--PQQPYPQPQPFPSQQPYLQL-QPF-----------PQ 
[ 3] GDA4 Q-FPGQQQPFP--PQQPYPQQQPFPSQQPYMQL-QPF-----------PQ 
[ 4] GDA9 Q-FPGQQQPFP--PQQPYPQPQPFPSQQPYLQL-QPFP----QPQLPYPQ 
[ 5] GDA2 Q-FQGQQQPFP--PQQPYPQPQPFPSQQPYLQL-QPF------------- 
[ 6] GDA3 Q-FPGQQEQFP--PQQPYPHQQPFPSQQPY------------------ PQ 
[ 7] GDA6 Q-FPGQQQQFP--PQQPYPQPQPFPSQQPYLQL-QPF----------- PQ 
[ 81 GDAO Q-FLGQQQPFP--PQQPYPQPQPFPSQLPYLQL-QPF------------- 
[ 9] GDA1 Q-FLGQQQPFP--PQQPYPQPQPFPSQQPYLQL-QPF------------- 
[10] GDB2 QTFPQPQQTFPHQPQQQVPQPQ--QPQQPFLQPQQPFPQQPQQPFPQTQQ 
[11] GDBB QIFPQPQQTFPHQPQQQFPQPQ--QPQQQFLQPRQPFP------------ 
[12] GDBX RTIPQPHQTFHHQPQQTFPQPQ--QTYPH--QPQQQFP-------- QTQQ 
[13] GDB1 QSF-SQQPPFSQQQQQPLPQQPSFSQQQP--------------------- 
************************************************************ 
101 110 120 130 140 150 
[ 1] GDA5 PQ-PFP------------PQLPYPQ--PQSFPPQQPYPQQQPQYLQPQQP 
[ 2] GDA7 PQ-PFL------------PQLPYPQ--PQSFPPQQPYPQQRPKYLQPQQP 
[ 3] GDA4 PQLPYP-----------QPQLPYPQ--PQPFRPQQSYPQPQPQYSQPQQP 
[ 4] GDA9 PQLPYP-----------QPQLPYPQ--PQPFRPQQPYPQSQPQYSQPQQP 
[ 5] GDA2 -----P-----------QPQLPYPQ--PQPFRPQQPYPQPQPQYSQPQQP 
[ 6] GDA3 PQ-PFP------------PQLPYPQ--TQPFPPQQPYPQPQPQYPQPQQP 
[ 7] GDA6 PQ-PFP------------PQLPYPQ--PPPFSPQQPYPQPQPQYPQPQQP 
[ 8] GDAO -----P-----------QPQLPYSQ--PQPFRPQQPYPQPQPQYSQPQQP 
[ 9] GDA1 -----L-----------QPQLPYSQ--PQPFRPQQPYPQPQPQYSQPQQP 
[10] GDB2 PQQPFPQQPQQPFPQTQQPQQPFPQQPQQPFPQTQQPQQPFPQLQQPQQP 
[11] GDBB ----------------QQPQQPYPQQPQQPFPQTQQPQQPFPQSKQPQQP 
[12] GDBX PQQPFP-QPQQTFP--QQPQLPFPQQPQQPFPQPQQPQQPFPQSQQPQQP 
[13] GDB1 ---------------------PFSQQ-QPILSQQPPFSQQQQPVLPQQSP 
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151 160 170 180 190 200 
[ 1] GDA5 ISQQQA--QQQQQQQQQ-QQQQ------- QQILQQILQQQLIPCRDVVLQ 
[ 2] GDA7 ISQQQAQQQQQQQQQQQ-QQQQ------- QQILQQILQQQLIPCRDVVLQ 
[ 3] GDA4 ISQQQQQQQ------QQ-QQQQ-------QQILQQILQQQLIPCRDVVLQ 
[ 4] GDA9 ISQQQQQQQQQQQQKQQ-QQQQ------- QQILQQILQQQLIPCRDVVLQ 
[ 5] GDA2 ISQQQQQQQ------QQ-QQQQ-------QQILQQILQQQLIPCRDVVLQ 
[ 6] GDA3 ISQQQAQQQ------QQ-QQQT----------LQQILQQQLIPCRDVVLQ 
[ 7] GDA6 ISQQQAQQQ------QQ-QQQQQQQQQQQQQILQQILQQQLIPCRDVVLQ 
[ 8] GDAO IS-QQQQQQQQQQ--QQ-QQQQ------- QQILQQILQQQLIPCMDVVLQ 
[ 9] GDA1 ISQQQQQQQQQQQ--QQ-QQQQ------- QQIIQQILQQQLIPCMDVVLQ 
[10] GDB2 FPQPQQQLPQPQQPQQSFPQQQ-------RPFIQPSLQQQLNPCKNILLQ 
[11] GDBB F-------PQPQQPQQSFPQQQ-------PSLIQQSLQQQLNPCKNFLLQ 
[12] GDBX FPQPQQQFPQPQQPQQSFPQQQ-------QPAIQSFLQQQMNPCKNFLLQ 
[13] GDB1 FSQQQQLVLPPQQQQQQLVQQQ-------IPIVQPSVLQQLNPCKVFLQQ 
201 210 220 230 240 250 
[ 1] GDA5 QHN ---- IAH-ASSQVLQQSTYQLLQQLCCQQLLQIPEQSQCQAIHNVAH 
[ 2] GDA7 QHN----IAH-ASSQVLQQSTYQLLQQLCCQQLLQIPEQSRCQAIHNVVH 
[ 3] GDA4 QHS----IAH-GSSQVLQQSTYQLVQQFCCQQLWQIPEQSRCQAIHNVVH 
[ 4] GDA9 QHS----IAY-GSSQVLQQSTYQLVQQLCCQQLWQIPEQSRCQAIHNVVH 
[ 5] GDA2 QHN ---- IAH-GSSQVLQESTYQLVQQLCCQQLWQIPEQSRCQAIHNVVH 
[ 6] GDA3 QHN----IAH-ASSQVLQQSSYQQLQQLCCQQLFQIPEQSRCQAIHNVVH 
[ 7] GDA6 QHN ---- IAH-ARSQVLQQSTYQPLQQLCCQQLWQIPEQSRCQAIHNVVH 
[ 8] GDAO QHN----IAH-GRSQVLQQSTYQLLQELCCQHLWQIPEQSQCQAIHNVVH 
[ 9] GDA1 QHN ---- IVH-GKSQVLQQSTYQLLQELCCQHLWQIPEQSQCQAIHNVVH 
[10] GDB2 QSKPASLVSS-LWSIIWPQSDCQVMRQQCCQQLAQIPQQLQCAAIHSVVH 
[11] GDBB QCKPVSLVSS-LWSIILPPSDCQVMRQQCCQQLAQIPQQLQCAAIHSVVH 
[12] GDBX QCNHVSLVSS-LVSIILPRSDCQVMQQQCCQQLAQIPQQLQCAAIHSVAH 
[13] GDB1 QCSPVAMPQRLARSQMWQQSSCHVMQQQCCQQLQQIPEQSRYEAIRAIIY 
************************************************************ 
251 260 270 280 290 300 
[ 1] GDA5 Al IMHQQQQQQQEQKQQLQQQQQQQQQLQQQQQQQQQQPSSQVSFQQPQQ 
[ 2] GDA7 AIIMHQQEQQ----- QQLQQQQQQQLQQQQQQQQQQQQPSSQVSFQQPQQ 
[ 3] GDA4 AIILHQQ-Q-----------------QQQQQQQQQQQQPLSQVCFQQSQQ 
[ 4] GDA9 AIILH---------------------QQQQQQQQQQQQPLSQVSFQQPQQ 
[ 5] GDA2 AIILHQQHH-----------------HHQQQQQQQQQQPLSQVSFQQPQQ 
[ 6] GDA3 AIILH-------------------------HHQQQQQQPSSQVSYQQPQE 
[ 7] GDA6 AIIL--------------------------HQQQRQQQPSSQVSLQQPQQ 
[ 8] GDAO AIILH-------------------------QQQKQQQQPSSQVSFQQPLQ 
[ 9] GDA1 AIILH-------------------------QQQKQQQQPSSQVSFQQPLQ 
[10] GDB2 SIIM------------------------- QQQQQQQQQQGIDI-FLPLSQ 
[11] GDBB SIIM-------------------------- QQEQQEQLQGVQI-LVPLSQ 
[12] GDBX SIIM----------------------------- QQEQQQGVPI-LRPLFQ 
[13] GDB1 SIILQEQQ------------------QGFVQPQQQQPQQSGQ-GVSQSQQ 
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301 310 320 330 340 350 
[ 1] GDA5 QY----------- PSSQVSFQP--SQLNPQAQGS-VQPQQLPQFAEIRNL 
[ 2] GDA7 QY-----------PSSQGSFQP--SQQNPQAQGS-VQPQQLPQFAEIRNL 
[ 3] GDA4 QY----------- PSGQGSFQP--SQQNPQAQGS-VQPQQLPQFEEIRNL 
[ 4] GDA9 QY----------- PSGQGSFQP--SQQNPQAQGS-VQPQQLPQFEEIRNL 
[ 5] GDA2 QY-----------PSGQGFFQP--SQQNPQAQGS-FQPQQLPQFEEIRNL 
[ 6] GDA3 QY-----------PSGQVSFQS--SQQNPQAQGS-VQPQQLPQFQEIRNL 
[ 7] GDA6 QY-----------PSGQGFFQP--SQQNPQAQGS-VQPQQLPQFEEIRNL 
[ 8] GDAO QY----------- PLGQGSFRP--SQQNPQAQGS-VQPQQLPQFEEIRNL 
[ 9] GDA1 QY----------- PLGQGSFRP--SQQNPQAQGS-VQPQQLPQFEEIRNL 
[10] GDB2 HE-----------QVGQGSLV--------QGQGI-IQPQQPAQLEAIRSL 
[11] GDBB QQ-----------QVGQGILV--------QGQGI-IQPQQPAQLEVIRSL 
[12] GDBX -------------------LA--------QGLGI-IQPQQPAQLEGIRSL 
[13] GDB1 QSQQQLGQCSFQQPQQQLGQQPQQQQQQQVLQGTFLQPHQIAHLEAVTSI 
************************************************************ 
351 360 370 380 390 400 
[ 1] GDA5 ALQTLPAMCNVYIPPHCSTTIAPFGISGTN----* 
[ 2] GDA7 ALQTLPAMCNVYIPPHCSTTIAPFGIFGTN----* 
[ 3] GDA4 ALETLPAMCNVYIPPYC--TIAPVGIFGTN----* 
4] GDA9 ALETLPAMCNVYIPPYC--TIAPVGIFGTN----* 
[ 5] GDA2 ALQTLPAMCNVYIPPYC--TIAPFGIFGTN----* 
[ 6] GDA3 ALQTLPAMCNVYIPPYCSTTIAPFGIFGTN----* 
[ 7] GDA6 ALQTLPRMCNVYIPPYCSTTIAPFGIFGTN----* 
[ 8] GDAO ALQTLPAMCNVYIPPYC--TIAPFGIFGTN----* 
[ 9] GDA1 ARK-------------------------------* 
[10] GDB2 VLQTLPSMCNVYVPPECSIMRAPFASIVAGIGGQ* 
[11] GDBB VLQTLPTMCNVYVPPYCSTIRAPFASIVASIGGQ* 
[12] GDBX VLKTLPTMCNVYVPPDCSTINVPYANIDAGIGGQ* 
[13] GDB1 ALRTLPTMCSVNVPLYSATTSVPFGV-GTGVGAY* 
Table 4.2: Multiple comparison statistics for the gliadins 
Percentage identities(%) 
123456789 10 11 12 13 
1 100 95.5 87.5 87.3 88.7 89.7 88.5 88.5 87.8 48.3 48.8 46.0 41.8 
2 95.5 100 88.2 87.6 88.7 89.0 88.5 87.8 87.4 48.2 47.8 44.0 41.4 
3 87.5 88.2 100 95.3 92.1 87.2 86.8 88.5 87.8 50.2 46.7 44.1 42.1 
4 87.3 87.6 95.3 100 93.1 87.9 88.2 91.6 91.2 50.8 48.5 44.7 41.4 
5 88.7 88.7 92.1 93.1 100 85.8 88.7 90.6 89.3 50.2 47.8 44.0 41.6 
6 89.7 89.0 87.2 87.9 85.8 100 90.4 83.3 80.2 49.6 46.1 45.0 41.8 
7 88.5 88.5 86.8 88.2 88.7 90.4 100 87.8 86.3 49.7 47.8 44.9 41.9 
8 88.5 87.8 88.5 91.6 90.6 83.3 87.8 100 95.8 51.0 48.6 44.4 41.3 
9 87.8 87.4 87.8 91.2 89.3 80.2 86.3 95.8 100 50.4 47.3 44.7 40.1 
10 48.3 48.2 50.2 50.8 50.2 49.6 49.7 51.0 50.4 100 85.6 80.5 38.8 
11 48.8 47.8 46.7 48.5 47.8 46.1 47.8 48.6 47.3 85.6 100 79.0 37.8 
12 46.0 44.0 44.1 44.7 44.0 45.0 44.9 44.4 44.7 80.5 79.0 100 35.1 
13 41.8 41.4 42.1 41.4 41.6 41.8 41.9 41.3 40.1 38.8 37.8 35.1 100 
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[1]-[ 91 = a. /ß gliadins, [10] - [13] =y gliadin. 
Table 4.3: Multiple comparison statistics for LMW Glutenins (%) (see Appendix A) 
GLTA GLTB GLTC S20853 
GLTA 100 70.4 68.8 69.8 
GLTB 70.4 100 82.0 84.2 
GLTC 68.8 82.0 100 89.8 
S20853 69.8 84.2 89.8 100 
Table 4.4: Multiple comparison statistics for HMW Glutenins (%) (see Appendix A). 
B30843 S15720 GLT4 GLT5 A30843 GLTO GLT3 S18733 
B30843 100 99.3 77.8 78.0 69.3 65.7 65.6 64.1 
S15720 99.3 100 78.2 78.4 70.7 67.3 67.1 65.8 
GLT4 77.8 78.2 100 97.3 72.9 69.8 69.2 68.4 
GLT5 78.0 78.4 97.3 100 71.6 69.3 68.9 68.1 
A30843 69.3 70.7 72.9 71.6 100 66.2 65.6 63.5 
GLTO 65.7 67.3 69.8 69.3 66.2 100 97.8 90.1 
GLT3 65.6 67.1 69.2 68.9 65.6 97.8 100 90.3 
S18733 64.1 65.8 68.4 68.1 63.5 90.1 90.3 100 
Table 4.5: Comparison of the Homology of LMW Glutenins and the y-Gliadins (%) 
(see Appendix A). 
GLTA GLTB GLTC S20853 
GDB1 71.0 83.5 88.1 91.9 
GDB2 40.1 41.4 38.3 40.7 
GDBB 43.0 41.9 38.8 41.8 
GDBX 41.1 40.7 36.9 
38.6 
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4.6.2 Motif Search 
Motifs found with homologous sequences in gliadin and deamidated gliadin are as 
follows: 
" Zinc finger, both C2H2 and C2CH type domains. 
" Immunoglobulin and Major histocompatibility complex (MHC) proteins signature 
" Lipoprotein lipid attachment site 
" Cytochrome c family heme-binding site signature 
" Crystallins beta and gamma `Greek key' motif signature 
" Dihydrofolate reductase signature 
4.6.2.1 Zinc finger 
The zinc finger is a transcription factor. The polypeptide chains of activating 
transcription factors are usually divided into two functionally different regions, one that 
binds to specific DNA sequences and another that activates transcription. The two 
functions are often embodied in separate domains of the protein. Three different types of 
activating regions have been found: those that have a net negative charge, those that 
contain a large number of proline residues, and those that contain a preponderance of 
glutamine residues. How they function to increase the initiation of transcription is not 
well understood, but is believed that they act to enhance the binding of RNA polymerase 
to the promoter by contributing to the formation of a stable initiation complex at the 
TATA box. The sequence 178-195 (Cys-Cys-Cys-His) and 178-199 (Cys-Cys-HIs-His) 
in gliadin fits the motif for a zinc finger. This may mean that during the process of 
synthesis and transportation of gliadin, before the formation of the disulphide bonds, 
some of the molecule may be used as a transcription factor. 
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1 MXTFLILALLAIVATTATTAYRVPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQHNTV 
160 HGKSQVLQQSTYQLLQELi: CQBLWQIPEQSQCQAIHNVVH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGSVQPQQLPQFEEIRNLARK 
Figure 4.5: Sequence of alpha/beta gliadin showing the signal peptide as italicized and 
the zinc finger motif underlined. 
QP 
W 
1ý 
LQ 
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QQ 
Cj 
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Figure 4.6: Proposed zinc finger in gliadin and possible antigenic site. 
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4.6.2.2 Immunoglobulin and MHC proteins signature 
Immunoglobulins and major histocompatibility complex proteins have the signature: 
[FYI -x-C-x-[VA]-x-H 
which ties with SQCQAIH in gliadin except that phenylalanine or tyrosine in the 
signature is replaced by serine in gliadin. 
1 MKTFLILALLAIVA TTA TTA VRVPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQHNIV 
160 HGKSQVLQQSTYQLLQELCCQHLWQIPEQSQCQAIHNVVH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGSVQPQQLPQFEEIRNLARK 
Figure 4.7: Sequence of alpha/beta gliadin with the MHC motif underlined. 
4.6.2.3 Lipoprotein lipid attachment site 
1 MKTFLILALLAIVATTATTAVRTWPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQHNIV 
160 HGKSQVLQQSTYQLLQELCCQHLWQIPEQSQCQ 
200 AIILHQQQKQQQQPSSQVSFQQPLOOYPLGQGSFRPSQQ 
240 NPQAQGS VQPQQLPQFEEIRNLARK 
Figure 4.8: Sequence of alpha/beta gliadin with lipoprotein lipid attachment site motif 
underlined. 
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4.6.2.4 Cytochrome c family heme-binding site signature 
1 MKTFLILALLAIVATTATTA VR VPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIQQILQQQLIPC D QQBNIV 
160 HGKSQVLQQSTYQLLQELCCQHLWQIPEQSQCQAIHNVVH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGSVQPQQLPQFEEIRNLARK 
Figure 4.9: Sequence of alpha/beta gliadin with cytochrome c family heme-binding site 
signature motif underlined. 
4.6.2.5 Crystallins beta and gamma `Greek key' motif signature 
1 MKTFLILALLAIVA TTA TTA VRVPVPQLQPQNPSQQQPQ 
40 EQVPLVOOOOFLGOOOPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQHNIV 
160 HGKSQVLQQSTYQLLQELCCQBLWQIPEQSQCQAIHNVVH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGSVQPQQLPQFEEIRNLARK 
Figure 4.10: Sequence of alpha/beta gliadin with crystallins beta and gamma `Greek key' 
motif signature motif underlined. 
4.6.2.6 Dihydrofolate reductase signature 
1 MKTFLILALIAIVATTATTAVRVPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQH1vIV 
160 HGKSQVLQQSTYQLLQELCCQBLWQIPEQSQCQAIIIIWVH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGS VQPQQLPQFEEIRNLARK 
Figure 4.11: Sequence of alpha/beta gliadin with dihydrofolate reductase signature motif 
underlined. 
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4.6.3 Secondary Structure determination 
10 20 30 40 50 60 70 80 90 100 
Seq VRVPVPQLQPQNPSQQQPQEQVPLVQQQQFLGQQQPFPPýQPYPQPQPFPSQQPYLQLQPFLQPQLPYSýPQPFRPQQPYPQPQPQYSQPQQPISQQQQý 
HM 
SS r--ý 00 
u ýf 
Leeds se 
H- 
E___ 
ructure pre 3c ion 
V` 
A, f\ 
y rop i lci y pro ie 
------ -------------- ------------------------------- -- - ---------------------------------- 
oca charge 
Charge for complete sequence: +14 -6 Net charge: 8 
Seq = Sequence, HM = Hydrophobic moment, SS = Secondary structure 
Figure 4.12a: Secondary structure prediction of a/0-gliadin (window size 7)[1 of 3] 
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Figure 4.12b: Secondary structure prediction of al0-gliadin (window size 7)[2 of 3] 
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Figure 4.12c: Secondary structure prediction of a/ß-gliadin (window size 7)[3 of 3] 
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Figure 4.13a: Secondary structure prediction of deamidated gliadin (window size 7) 
[1 of 3] 
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Figure 4.13b: Secondary structure prediction of deamidated gliadin (window size 7) 
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4.6.4 Supersecondary structure 
The method was used to predict a control sample (lysozyme) and two test proteins 
(gliadin and deamidated gliadin). The predicted folding type for lysozyme was a+ß 
(Table 4.6) and IRR for both gliadin (Table 4.7) and deamidated gliadin (Table 4.8). 
Lysozyme has two domains, a and ß separated by a cleft which houses the active site 
residues (Figure 7.3). 
Table 4.6: Predicted sunersecondarv structure for Lvsc 
AMINO ACID % Mean % SD Loc. 
Alanine 9.30 7.93 3.61 0.38 
Arginine 8.53 5.66 3.16 0.91 
Asparagine 10.85 4.22 1.99 3.34 
Aspartic Acid 5.43 5.16 2.06 0.13 
Cysteine 6.20 1.91 2.36 1.82 
Glutamine 2.33 4.01 2.41 -0.70 
Glutamic Acid 1.55 6.22 2.88 -1.62 
Glycine 9.30 6.90 3.04 0.79 
Histidine 0.78 2.27 2.15 -0.70 
Isoleucine 4.65 5.55 2.55 -0.35 
Leucine 6.20 9.34 3.33 -0.94 
Lysine 4.65 5.88 0.19 -0,39 
Methionine 1.55 2.45 1.34 -0.67 
Phenylalanine 2.33 3.86 1.96 -0.78 
Proline 1.55 4.97 2.90 -1.18 
Serine 7.75 6.74 2.62 0.38 
Threonine 5.43 5.77 2.52 -0.14 
Tryptophan 4.65 1.32 1.10 3.02 
Tyrosine 2.33 3.16 1.71 -0.49 
Valine 4.65 6.71 2.47 -0.83 
Distance from Origin = 5.79 
Distance from as centroid = 6.25 
Distance from ßß centroid = 5.34 
Distance from a/I3 centroid = 5.83 
Distance from a+ß centroid = 5.30 
+ß Predicted folding type =a 
188 
Table 4.7: Predicted supersecondary structure for a1ß-gliadin. 
AMINO ACID % Mean % SD Loc. 
Alanine 1.65 7.93 3.61 -1.74 
Arginine 2.07 5.66 3.16 -1.14 
Asparagine 2.07 4.22 1.99 -1.08 
Aspartic Acid 0.41 5.16 2.06 -2.30 
Cysteine 1.65 1.91 2.36 -0.11 
Glutamine 38.02 4.01 2.41 14.14 
Glutamic Acid 2.07 6.22 2.88 -1.44 
Glycine 2.07 6.90 3.04 -1.59 
Histidine 2.48 2.27 2.15 0.10 
Isoleucine 4.55 5.55 2.55 -0.39 
Leucine 8.26 9.34 3.33 -0.32 
Lysine 1.24 5.88 0.19 -1.46 
Methionine 0.41 2.45 1.34 -1.52 
Phenylalanine 3.31 3.86 1.96 -0.28 
Proline 14.88 4.97 2.90 3.41 
Serine 5.79 6.74 2.62 -0.37 
Threonine 0.41 5.77 2.52 -2.13 
Tryptophan 0.41 1.32 1.10 -0.82 
Tyrosine 2.89 3.16 1.71 -0.16 
Valine 5.37 6.71 2.47 -0.54 
Distance from Origin = 15.40 
Distance from as centroid = 16.00 
Distance from 00 centroid = 15.48 
Distance from a1ß centroid = 15.86 
Distance from a+ß centroid = 16.07 
Predicted folding type = IRR 
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Table 4.8: Predicted supersecondary structure for deamidated gliadin. 
AMINO ACID % Mean % SD Loc. 
Alanine 1.65 7.93 3.61 -1.74 Arginine 2.07 5.66 3.16 -1.14 Asparagine 2.07 4.22 1.99 -1.08 Aspartic Acid 0.41 5.16 2.06 -2.30 Cysteine 1.65 1.91 2.36 -0.11 Glutamine 0.00 4.01 2.41 -1.67 Glutamic Acid 40.08 6.22 2.88 11.77 
Glycine 2.07 6.90 3.04 -1.59 
Histidine 2.48 2.27 2.15 0.10 
Isoleucine 4.55 5.55 2.55 -0.39 
Leucine 8.26 9.34 3.33 -0.32 
Lysine 1.24 5.88 0.19 -1.46 
Methionine 0.41 2.45 1.34 -1.52 
Phenylalanine 3.31 3.86 1.96 -0.28 
Proline 14.88 4.97 2.90 3.41 
Serine 5.79 6.74 2.62 -0.37 
Threonine 0.41 5.77 2.52 -2.13 
Tryptophan 0.41 1.32 1.10 -0.82 
Tyrosine 2.89 3.16 1.71 -0.16 
Valine 5.37 6.71 2.47 -0.54 
Distance from Origin = 13.29 
Distance from as centroid = 13.62 
Distance from ßß centroid = 14.18 
Distance from a/0 centroid = 13.42 
Distance from a+ß centroid = 14.10 
Predicted folding type = IRR 
4.7 DISCUSSION 
It is being proposed from the homology study that the a/f3-gliadins would have similar 
tertiary structures but different from the y-gliadins (Table 4.2). Three of the y-gliadins 
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(GDB2, GDBB and GDBX) would also have similar structures but different to the 
fourth y-gliadin (GDB 1) which would have a structure similar to the LMW glutenins 
(Table 4.5). The motif search was based on the principle that if the structure and function 
of sequences in other proteins are known, and the same sequences are found in gliadin, 
then there is the possibility that those sequences in gliadin may have the same or similar 
structure and function. In section 4.6.2 can be found a list of protein sequences which 
were also found in gliadin. There wasn't enough time to analyse those proteins 
individually. The secondary structure for a/ß-gliadin was predicted as 34% a-helix, 23% 
ß-sheet and the remainder 43% whereas, those for deamidated gliadin were 69% a-helix, 
2% ß-sheet and the remainder 29% (Figures 4.12 and 4.13). The supersecondary 
structure predicted for lysozyme matched its x-ray crystallographic structure (Table 4.6 
and Figure 7.3) so the method was used to predict the supersecondary structure of 
gliadin and deamidated gliadin (Tables 4.7 and 4.8). The results of the prediction was 
given as irregular structure. Metal binding proteins like the metallothionines have 
irregular structure, therefore, a study was carried out to find if SWP binds metals 
(chapter 7). 
The gluten proteins are responsible for coeliac disease in some children and adults 
causing weight loss, abdominal pain and malabsorption of nutrients. Various theories 
have been put forward to explain the effect of gluten in coeliac disease, i. e. enzyme 
theory, lectin theory, permeability theory and immunological theory. Gluten is the protein 
fraction of wheat flour which is insoluble in water. It is a heterogenous material and 
attempts have been made to isolate the toxic component. Gluten subfractions were found 
to be cytotoxic to several types of cells in tissue culture (Hudson et al., 1976). The toxic 
component was implicated to be gliadin (Howdle et al., 1984). Because gliadin is rich in 
proline and glutamine, Jos et al., (1982) and Cornell and Maxwell (1982), suggested that 
the toxicity resides in fractions containing these residues. It has been reported that 43% 
of gliadin is composed of glutamine and that a bound form of glutamine may be 
responsible for causing toxicity (Van de Kamer and Weijers, 1955). None of the theories 
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of gluten toxicity is completely proven, and elements of each theory may provide part of 
the explanation. Part of the difficulty is the lack of understanding of the tertiary structure 
of gliadin. As structure is related to function, there is a strong correlation that 
understanding of the structure of gliadin could lead to an understanding of its mechanism 
of toxicity in coeliac disease and its effects on other biomolecules. Cornell et al., (1992), 
collected fraction 9, which is a peptic-tryptic-pancreatinic digest of wheat gliadin, known 
to be toxic to individuals with coeliac disease and found a fraction with the sequence 
RPQQPYPQPQPQ amongst other fractions. This fragment can be found underlined in 
the sequence below. 
1 MKTFLILALLAIVATTATTAVRVPVPQLQPQNPSQQQPQ 
40 EQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQLQ 
80 PFLQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQQQQ 
120 QQQQQQQQQQQQQQQIIQQILQQQLIPCMDVVLQQHNIV 
160 HGKSQVLQQSTYQLLQELCCQBLWQIPEQSQCQAIHNWH 
200 AIILHQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQ 
240 NPQAQGSVQPQQLPQFEEIRNLARK 
Since deamidation changes the glutamine residues to glutamic acid, it is possible that 
deamidated gluten as found in SWP will not cause coeliac disease- 
4.8 CONCLUSIONS 
"A sequence in gliadin responsible for coeliac disease was not found in deamidated 
gliadin, therefore, it is possible that SWP will not be associated with the disease. 
" The secondary structure prediction showed that deamidation caused an increase in a- 
helix but a decrease in ß-sheet content of gliadin. 
"A possible metal binding function was predicted by the supersecondary structure 
prediction method. 
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IL CHAPTER 5 
5.0 INTERACTION OF SWP WITH BOVINE SERUM ALBUMIN (BSA) 
5.1 Introduction 
Serum albumin is one of the most widely studied proteins and is the most abundant protein 
in plasma with a typical concentration of 5g/100m1. Various researchers have studied the 
structure and properties of serum albumin and its interaction with other proteins in order 
to understand how serum albumin affects the functionality of foods in which they have 
been included as well as novel applications. The latter reason led to the study of the 
interaction between soluble wheat protein and bovine serum albumin. The structure and 
properties of SWP are described in chapters 2,3 and 4. The following sections describe 
the structure and properties of BSA- 
5.2 Bovine serum albumin (BSA) 
Albumin is generally regarded to mean serum albumin or plasma albumin ( care should be 
taken to distinguish albumen, which refers to egg white, from albumin or serum albumin). 
The word albumin is also used to describe a protein or a group of proteins defined by 
solubility in water for example the albumin fraction of wheat (chapter 2). Albumin is the 
most abundant protein in the circulatory system and contributes 80% to colloid osmotic 
blood pressure (Carter and Ho, 1994). It has now been determined that serum albumin is 
chiefly responsible for the maintenance of blood pH (Figge et al., 1991). In mammals 
albumin is synthesized initially as preproalbumin by the liver. After removal of the signal 
peptide, the resultant proalbumin is further processed by removal of the six-residue 
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propeptide from the new N-terminus. The albumin released into circulation possesses a 
half-life of 19 days (Waldmann, 1977). 
Preproalbumin H2N-M-K W-V-T-F-L-L-L-L-F-I-S-G-S-A-F-S R-G-V-F-R R-E-A-H-K-S-E- 
1 cleavage of signal peptide 
Proalbumin H2N-R-G-V-F-R R-E-A-H-K-S-E- 
1 removal of Pro segment 
Albumin H2N-E-A-H-K-S-E- 
5.2.1 Structure of BSA 
The substantial information on serum albumin has led to some contradictory results and 
discussions. Based largely on hydrodynamic experiments (Hughes, 1954; Squire et al., 
1968; Wright and Thompson, 1975) and low-angle X-ray scattering (Bloomfield, 1966), 
serum albumin was postulated to be an oblate ellipsoid with dimensions of 140 x 40A 
(Figure 5.1). Experiments have continued to support these dimensions (Bendedouch and 
Chen, 1983; Feng et al., 1988). Brown and Shockley (1982), compiled a diverse variety of 
data and constructed a model of albumin as having the shape of a cigar. 
140 Ä 
Net charge= -10 -8 0 
40 Ä 
1ý r1 ý 
Figure 5.1: Classical preception of the structure of serum albumin (Peters, 1985). 
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However, studies using 'H NMR indicated that an oblate elipsoid structure of albumin was 
unlikely; rather a heart-shaped structure was proposed (Bos et al., 1989). This was in 
agreement with X-ray crystallographic data (Carter et al., 1989). Previous studies 
indicated that the secondary structure contained about 68% - 50% a-helix and 16% -18% 
ß-sheet (Sjoholm and Ljungstedt, 1973; Reed et al., 1975; Foster, 1977). In contrast 
according to X-ray crystallography, there is no 0-sheet in the structure of native serum 
albumin (Carter et al., 1989). Riley and Arndt (1952,1953) suggested that thermally 
denatured bovine serum albumin has probably the same fundamental type of folding of the 
polypeptide chains as the native one, which is 55% a-helix and 45% random conformation 
from X-ray scattering studies. Harmsen and Braam (1969), using infra-red and ORD 
spectra concluded that alkali or heat denaturation caused a partial loss of a-helical 
structure with no formation of 0-sheet but from their infra-red spectra, a shoulder 
appeared for BSA heated above 72°C at 1620 cm -1 indicative of 0-sheet formation. Clark 
et al. (1981b) testing Astbury's theory (Astbury et al., 1935), that gels formed from heat 
or chemically denatured proteins arose from the interaction of regions of 0-sheets, carried 
out tests on BSA using infra-red and Raman spectra. A shoulder was visible on their infra- 
red spectra at 1620 cm' for BSA heated to 75°C and above. The Raman spectra showed 
an increase at 1235 cm-' and a decrease at 940 cm -1 for the BSA gel, indicating a drop in 
a-helix content with formation of 0-sheet. Lin and Koenig (1976) investigated heat, acid 
and alkali denaturation of BSA by Raman spectroscopy and found that heating to 70°C or 
a change in pH to below 5 or above 10 caused an increase of the 1246 cm 1 band and a 
decrease of the 938 cm' band. The interpretation was similar to those of Clark et 
al., (1981b) that is a decrease in the a-helix content accompanied by an increase in 0-sheet. 
5.2.2 Amino acid composition 
Albumins are characterized by a low content of tryptophan and methionine and a high 
content of cystine and the charged amino acids, aspartic and glutamic acids, lysine, and 
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arginine. The glycine and isoleucine content of BSA are lower than in the average protein 
(Peters, 1985) (Table 5.1). 
Table 5.1: Amino acid composition of BSA (Brown, 1975; Patterson and Geller, 1977; 
McGillivray et al., 1979; Reed et al., 1980; Hirayama et aL, 1990). 
Ala 48 Cys 35 Asp 41 Glu 58 
Phe 30 Gly 17 His 16 Ile 15 
Lys 60 Leu 65 Met 5 Asn 14 
Pro 28 On 21 Arg 26 Ser 32 
Thr 34 Val 38 Trp 3 Tyr 21 
5.2.3 Primary, secondary and tertiary structure 
Figure 5.2 shows the bovine albumin amino acid sequence. The BSA molecule is made up 
of three homologous domains (I, II, III) which are divided into nine loops (L 1-19) by 17 
disulphide bonds. The loops in each domain are made up of a sequence of large-small- 
large loops forming a triplet. Each domain in turn is the product of two subdomains (IA, 
IB, etc. ). The primary structure of albumin is unusual among extracellular proteins in 
possessing a single sulfhydryl (Cys-34) group. In the light of new information i. e., x-ray 
crystallographic data (Carter and Ho, 1994) albumin structure is predominantly a-helical 
(67%) with the remaining polypeptide occurring in turns and extended or flexible regions 
between subdomains with no ß-sheets (Figure 5.3). Each of the domains can be divided 
into 10 helical segments, 1-6 for subdomain A and 7- 10 for subdomain B (Figure 5.4). 
The motif for subdomain A is shown in Figure 5.5 and for subdomain B in Figure 5.6. 
Domains I and II and domains II and III are connected through helical extensions of 10 
(I) -1 (II) and 10 (II) -1 (III), creating the two longest helices 
in albumin. 
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Lt 
L2 
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L7 
L8 
L9 
Figure 5.2: Primary structure of bovine serum albumin. 
Figure 5.3: Human serum albumin model illustrating the overall topology and secondary 
structure. The positions of the 17 disulphides and the side chain of Cys-34 are shown in 
red. There are 28 helices grouped into 10 principal helices within each domain. The 
positions of the two major binding sites located within subdomains IIA and IIIA are 
illustrated with the ligand 2,3,5-triiodobenzoic acid, shown in white (Carter and Ho, 
1994). 
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Figure 5.4: Cylindrical representation of a typical domain (II) structure. (Carter & Ho, 1994). 
i-I 
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:-R 
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ýr 
I' 
4r 
Figure 5.5: Subdomain A (Carter and Ho, 1994) Figure 5.6: Subdomain B(Carter and Ho, 1994) 
ä' 
C 
Ole 
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5.2.4 Disulphide bonds 
In BSA the disulphide bonds are located in the following positions: 
(1) 77-86; (2) 99-115; (3) 114-125; (4) 147-192; (5) 191-200; (6) 223-269; (7) 268-276; 
(8) 288-302; (9) 301-312; (10) 339-384; (11) 383-392; (12) 415-461; (13) 460-471; (14) 
484-500; (15) 499-510; (16) 537-582; (17) 581-590. 
The conformations of the disulphides are primarily gauche-gauche-gauche and C(31-S1-S2- 
C(32, with torsion angles clustering around ± 800. The disulphide pairings are located 
almost exclusively between helical segments. 
h 
Figure 5.7: Location of disulphide bonds (He and Carter, 1992) 
None of the disulphide bonds was accessible to reducing agents in the pH range 5-7, but 
become progressively available as the pH was raised or lowered. Katchalski et al., (1957), 
therefore, concluded that the disulphides in albumin were protected at neutral pH from 
reducing agents. This is also apparent in the structure, which shows that the majority of 
disulphides are well protected and most are not readily accessible to solvent. Blocking of 
the free sulphydryl, Cys-34, with iodoacetamide, cysteine, or glutathione prevents the 
occurrence of mixed disulphides in aged albumin, as well as the occurrence of the albumin 
dimer (Peters, 1985). During unfolding, the conformation of some of the disulphide bonds 
change from the gauche-gauche-gauche to gauche-gauche-trans forms, as observed by 
laser Raman studies (Aoki et al., 1982). 
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Subdomain A Subdomain B 
5.2.5 Physical - Chemical Properties 
The albumin molecule is not uniformly charged within the primary structure. At neutral 
pH, Peters (1985) calculated a net charge of -10, -8, and 0 for domains I, II, and III for 
bovine serum albumin. The surface charge distribution is shown in Figure 5.8. 
Figure 5.8: Space filling model of serum albumin molecule with basic residues coloured in 
blue, acidic residues in red, and neutral ones in yellow. (A) Front view, (B) back view, (C) 
left side, and (D) right side (Carter and Ho, 1994). 
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Unlike the asymmetric charge distribution on the primary structure, the distribution on the 
tertiary structure seems fairly uniform. 
5.2.5.1 Viscosity 
The viscosity of a protein solution depends on its intrinsic characteristics, such as 
molecular mass, size, volume, shape, surface charge and ease of deformation (Bull, 1940; 
Yang, 1961). In addition, viscosity is influenced by environmental factors such as pH, 
temperature, ionic strength, ion type, shear conditions and heat treatment (Tung, 1978; 
Lee and Rha, 1979; Hermansson, 1979b). Serum albumin has been reported to have 
intrinsic viscosity values of 3.7-4.2 ml g"1 ( Peters, 1985; Kuntz and Kauzmann, 1974; 
Markus et al., 1964; Reynolds et al., 1967). Kolthoff et al., (1958) reported an increase in 
viscosity with increased cleavage of the disulphide bonds of BSA. The viscosity of 
solutions of BSA increased linearly with concentration up to 65 mg ml-1 and exponentially 
at higher concentrations (Wetzel et al., 1980) consistent with the results of Menjivar and 
Rha, (1980). 
5.2.5.2 Effects of pH 
Serum albumin undergoes reversible conformational isomerization with changes in pH. 
E 'ýý F '-ý N ýf B ~ý A 
pH of transition: 2.7 4.3 8 10 
Name: Expanded Fast Normal Basic Aged 
Helix: 35 45 55 48 48 
Figure 5.9: Relationship of isomeric forms of bovine serum albumin (Foster, 1977). 
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The N-F transition involves the unfolding of domain III (Geisow and Beaven, 1977; Khan, 
1986). The F form is characterized by a dramatic increase in viscosity, much lower 
solubility, and a significant loss in helical content (Foster, 1960). At pH values lower than 
4, albumin undergoes another expansion with a loss of the intra-domain helices (10) of 
domain I which is connected to helix (1) of domain II, and that of helix (10) of domain II 
connected to helix (1) of domain III (Figure 5.10). This expanded form is known as the 
(E) form which has an increased intrinsic viscosity, and a rise in the hydrodynamic axial 
ratio from about 4 to 9 (Harrington et al., 1956). At pH 9, albumin changes conformation 
to the basic form (B). If solutions of albumin are maintained at pH 9 and low ionic 
strength at 3°C for 3 to 4 days, another isomerization occurs which is known as the (A) 
form. 
Figure 5.10: Ribbon diagram of serum albumin in its N form, and in its proposed F and E 
forms (Carter and Ho, 1994) 
5.2.5.3 Effect of Heat 
Serum albumin when heat-treated, goes through two structural stages. The first stage is 
reversible whilst the second stage is irreversible but does not necessarily result in a 
complete destruction of the ordered structure (Kuznetsow et al., 1975; Lin and Koenig, 
1976; Oakes, 1976). Heating up to 65°C can be regarded as the first stage, with 
subsequent heating above that as the second stage (Wetzel et al., 1980). The onset 
temperature of conformation change as found by DSC was 58.1°C (Poole et al., 1987) 
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and the temperature of denaturation 62°C (Ruegg et al., 1977). Results from CD and IR 
spectroscopy indicated that ß-sheets were formed when albumin was heated above 65°C 
(Wetzel et al., 1980), 70°C (Lin and Koenig, 1976; Clark et al., 1981b). The ß-sheet 
formed was more pronounced on cooling and was concentration dependent. Wetzel et al., 
(1980) found a shoulder in the ß-sheet band at a concentration of 50mg/ml at 70°C, 
1.4mg/ml at 80°C but not for 0.5mg/ml at 75°C. Because ß-sheet structures were not 
indicated in the dilute solution this suggests that the ß-sheets are intermolecular. 
The sedimentation coefficient of albumin at neutral pH is around 4-4.5 S. If albumin 
samples are heated to more than 60°C and cooled down again, apart from the native 
protein, a faster sedimenting but heterogenous fraction with sedimentation coefficients of 
26-36 S are found. The formation of these high molecular weight complexes was 
temperature and concentration dependent (Wetzel et al., 1980). Spin labelling Cys-34 
(Hull et al., 1975; Wetzel et al., 1980) and fluorescence investigations proved Cys-34 to 
be located in a pocket. X-ray crystallography indicated that Cys-34 is located in a crevice 
on the surface of the protein and that the reactive sulphur is protected by several residues 
(Figure 5.11). Cys-34 has been found to be the most reactive sulfhydryl with a pKSH of 5 
compared with 8.5 and 8.9 for cysteine and glutathione (Pedersen and Jacobsen, 1980). 
Blocking of Cys-34 with cysteine, glutathione, or other chemicals such as N- 
iodosuccinimide stabilised albumin against dimer formation (Peters, 1985). Electron spin 
resonance measurements indicated that the pocket around Cys-34 unfolded during thermal 
denaturation (Wetzel et al., 1980). Therefore, dimer formation during heating is probably 
due to disulphide bonding. 
Thus, it may be concluded that, in the reversible structural stage, some of the a-helices are 
transformed to random coils. If the side chains of neighbouring residues of two peptide 
strands point in opposite directions and are perpendicular to a plane so that hydrogen 
bonds can form between the the strands, then IR, CD, and Raman spectroscopy will see 
them as ß-sheets. This means that aggregates are formed through the hydrogen bonding of 
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ß-sheets between monomers. The ß-sheets formed are most likely to be antiparallel, since 
they are bound to be on the surface of the monomers. Parallel sheets are less twisted than 
antiparallel and are always buried. Antiparallel sheets can withstand greater distortions 
(twisting and ß-bulges) and greater exposure to solvent. As the temperature is increased 
past the reversible stage, unfolding of the pocket exposing Cys-34 takes place giving easy 
access to the formation of disulphide bridges. Since disulphide bridges are covalent bonds, 
this stage is irreversible. 
Figure 5.11: Stereo ball-stick model of serum albumin structure at the region around 
residue Cys-34. Red, oxygen; yellow, carbon; blue, nitrogen; green, sulphur. 
(Carter and Ho, 1994) 
Richardson and Ross-Murphy (1981) put forward a hypothesis from their model of two 
intersecting lines, that the two processes, unfolding and aggregation can be distinguished. 
Below 57°C, unfolding was rate-determining whereas above that temperature aggregation 
was rate-determining. 
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5.2.6 Functional properties of BSA 
5.2.6.1 Foaming 
Foaming may be defined as the creation and stabilization of gas bubbles in a liquid. 
Proteins diffuse to the air-water interface and reduce surface tension. At the interface they 
partially unfold and associate to produce an intermolecular cohesive film with some degree 
of elasticity. Foam expansion and stability improved when BSA interacted with basic 
proteins like lysozyme and clupeine (Poole et al., 1984) due to cross-links formed between 
BSA and lysozyme at the interface. BSA on its own performs best near its isoelectric point 
when electrostatic repulsion is at its minimum. When it interacts with lysozyme, the 
greatest expansion and stability was found between pH 8 and 9, which is between the 
isoelectric point of BSA (4.7) and lysozyme (10.7) when the proteins are oppositely 
charged. Clupeine with a pI at 12 was found to be more effective than lysozyme. Lipids 
inhibit foaming by displacing protein molecules from the air-liquid interface and by 
disrupting the integrity of the protein film (Ross, 1950). This lipid inhibition was 
counteracted when BSA interacted with clupeine at the air-liquid interface (Poole et al., 
1986). Howell and Taylor (1991), found that whilst extensively amidated BSA (pI 9) on 
its own had poor foam expansion and foam stability, its combination with native BSA 
enhanced these properties when mixed at the 1: 1 ratio. 
5.2.6.2 Gelation properties of BSA 
BSA when heated formed soluble aggregates through disulphide and noncovalent bonds. 
a-Lactalbumin, on the other hand does not form soluble aggregates on its own but 
interacts with BSA through disulphide interchange to form soluble aggregates (Matsudomi 
et al., 1993). Soluble aggregates of polymerized molecules were formed during the early 
stages of heat-induced gelation of proteins, and subsequent polymerization resulted in the 
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formation of a rigid gel network (Nakamura et al., 1986; Kitabatake et al., 1989). The 
addition of a-lactalbumin to BSA reduced the gelling ability of BSA, as measured by the 
complex modulus G* (Paulsson et al., 1986). 
Gelation according to Ferry (1948) is a two step mechanism. An initiation step involving 
unfolding or dissociation of the protein molecules, followed by an aggregation step in 
which association or aggregation reactions occur, resulting in gel formation under 
appropriate conditions. For the formation of a highly ordered gel, it is essential that the 
aggregation step proceed at a slower rate than the unfolding step (Hermansson, 1978; 
1979a). The denaturation temperature of BSA by differential thermal analysis (DTA) was 
found to be 64°C (Itoh et al., 1976) and 62°C by differential scanning calorimetry (Ruegg 
et al., 1977). The denaturation temperature of BSA increased when it binds to fatty acids 
(Bernal and Jelen, 1985) but reduced when it interacts with clupeine (Poole et al., 1987). 
Therefore it appears that the interaction of one biopolymer eg. fatty acid to BSA led to 
stability of the BSA molecule, whereas another molecule eg. clupeine interacted and 
facilitated the initiation of unfolding of BSA. 
5.2.6.3 Ligand-binding 
Perhaps, the most outstanding property of albumin is its ability to bind reversibly an 
incredible variety of ligands (Goodman, 1958; Daughaday, 1959; Yates and Urguhart, 
1962; Jacobsen, 1969; Klopfenstein, 1969; Burke et al., 1971; Unger, 1972; Westphal and 
Harding, 1973; Beaven et al., 1974; Jacobsen, 1977; Richardson et al., 1977; Spector and 
Fletcher, 1978; Brodersen, 1979; Adams and Berman, 1980; Savu et al., 1981; Roda et 
al., 1982). BSA is the principal carrier of fatty acids that are otherwise insoluble in 
circulating plasma. It also performs many other functions such as, sequestering oxygen 
free radicals and inactivating various toxic lipophilic metabolites such as bilirubin 
(Emerson, 1989). Albumin has a high affinity for fatty acids, hematin, bilirubin and a broad 
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affinity for small negatively charged aromatic compounds. It forms covalent adducts with 
pyridoxyl phosphate, cysteine, glutathione, and various metals, such as Cu (II), Ni (H), Hg 
(II), Ag (II), and Au (I). As a multifunctional transport protein, albumin is the key carrier 
or reservoir of nitric oxide, which has been implicated in a number of important 
physiological processes, including neurotransmission (Stamler et al., 1992). It also belongs 
to a multigene family of proteins that include a-fetoprotein (AFP) and vitamin D-binding 
protein (VDP), which is also known as G complement (Gc) protein. Although AFP is 
considered the fetal counterpart of albumin, its binding properties are distinct and it has 
been suggested that AFP may have higher affinity for some unknown ligands important for 
fetal development. VDP plays an important role in calcium regulation. ADP and VDP both 
interact with the class II major histocompatibility complex suggesting that these proteins 
may play an important role in modulating the immune system (van Oers et al., 1989). In 
circulating plasma approximately 30% of free sulphydryl, Cys-34, is oxidized by cysteine 
and glutathione (Peters, 1985). 
5.3 MATERIALS AND METHODS 
S. 3.1 BSA Unfolding 
5.3.1.1 Introduction 
For the vast majority of single subunit proteins the unfolding event can be viewed as an 
equilibrium process involving two states, the fully native and the fully denatured states of 
the protein (Pace, 1975): 
NaD 
where N and D represent the native and denatured states of the protein respectively. Thus 
under equilibrium conditions only these two states of the protein will be considered. Any 
intermediate states that might be accessed kinetically will not be considered. If this 
assumption holds, then the total population of protein molecules in solution is the sum of 
the mole fraction of native and denatured molecules, i. e.: 
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or 
and 
1.0 = fD + fN 
fN= 1.0-fD 
fD 1.0 
- 
fN 
These equalities allow us to define an equilibrium constant, and hence a Gibb's free energy 
for the unfolding reaction in terms of these mole fractions: 
and 
K= [Dj/[M =. fD/(1 fD) 
AG = -RT log(K) 
where R and T are the ideal gas constant and temperature in degrees Kelvin, respectively. 
Several chemical agents are known to induce the unfolding of native proteins when they 
are present at high concentrations. Among these, urea and guanidine hydrochloride are the 
most commonly used chemical denaturants. Titration of a protein solution with one of 
these chemicals will shift the equilibrium between the native and denatured states of the 
protein to gradually favour the denatured form. The amount of denaturant needed and the 
steepness of the titration curve provide quantitative information on the stability of the 
protein. 
5.3.1.2 Materials 
BSA Fraction V powder (96-99%), guanidine hydrochloride, disodium hydrogen phosphate 
and sodium dihydrogen phosphate were obtained from Sigma Chemical Co. Ltd., Poole, 
Dorset, UK. 
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5.3.1.3 Method 
To each of a first set of 12 plastic test tubes were added aliquots of BSA (1 mg/ml), 0. IM 
phosphate buffer at pH 7, and 6M guanidine hydrochloride (Gdn) as shown in Table 5.2 to 
attain the indicated final concentrations of Gdn. Similarly a second set of 12 plastic tubes 
were prepared but in these BSA was replaced with buffer. The contents of the plastic 
tubes without BSA were mixed and divided into two 1 mm. quartz cuvettes of 1 cm. path 
length. A baseline was obtained using a double beam spectrophotometer with a 
wavelength between 350 to 250nm. Next, the sample cuvette containing BSA was 
scanned between the same wavelengths. A difference spectrum (Scheraga, 1961) relative 
to the native protein was computed for the contents of each tube. The value of the AA at 
287nm. of the fourth derivative of the spectrum was computed and plotted as a function of 
Gdn concentration. 
Table 5.2: Experimental set up for the titration of BSA with Gdn. 
Tube No. [Gdn], M 41 of 1 mg/ml µl of 6M Gdn µl of buffer 
BSA 
1 0 100 0 900 
2 0.5 100 83 817 
3 1.0 100 167 733 
4 1.5 100 250 650 
5 2.0 100 333 567 
6 2.5 100 417 483 
7 3.0 100 5 00 400 
8 3.5 100 583 317 
9 4.0 100 667 233 
10 4.5 100 750 150 
11 5.0 100 833 67 
12 5.4 100 900 0 
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5.3.2 Dynamic Mechanical Testing 
The theory for dynamic mechanical testing has been discussed in section 3.1.8.1. 
5.3.2.1 Materials 
BSA Fraction V powder (96-99%), guanidine hydrochloride, urea, iodoacetate and 
mercaptoethanol were obtained from Sigma Chemical Co. Ltd., Poole, Dorset, UK. SWP was 
provided by Amylum, Belgium. 
5.3.2.2 Method 
Stock solutions of 24% (w/w) BSA and 16% (w/w) SWP were prepared in distilled water 
and the following experiments were undertaken; 
" The effect of Gdn. (1 - 4.5M) on the elastic modulus of 12% BSA (w/v) in distilled 
water was investigated. 
" Varying ratios of BSA and SWP were mixed giving a total sample concentration of 
12% (v/v) in distilled water. 
" The concentration of BSA was held constant at 12% (w/w) and varying concentrations 
of SWP (1 - 4%, w/w) were added. 
" 8M urea, 8M urea + 10mM iodoacetate, and 50pUml ß-mercaptoethanol were added 
to 12% (w/w) BSA in distilled water. 
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" The elastic modulus for 12% (w/w) BSA and 12% (w/w) SWP in distilled water, both 
in the presence of ß-mercaptoethanol were compared between 45°C to 90°C. 
Small-deformation oscillatory measurements were made for all the above experiments with 
a Rheometrics controlled stress rheometer at a frequency of 1 radian per second. A 
temperature sweep was undertaken between 45°C and 90°C at a rate of 1- 2°C per 
minute, the sample was held at 90°C for 15 minutes and then cooled to 45°C. 
5.3.3 Phase separation 
When two polymer solutions are prepared with concentrations adjusted to give identical 
viscosities and then mixed in varying ratios, it is expected that in the absence of any 
specific interaction the measured viscosities should remain roughly constant. A departure 
from the initial common viscosity of the starting solutions is taken as evidence of polymer- 
polymer interaction (Morris, 198.: 4). - 4, x. 
5.3.3.1 Materials 
BSA Fraction V powder (96-99%) was obtained from Sigma. Chemical Co. Ltd., Poole, 
Dorset, UK, and SWP was provided by Amylum, Belgium. 
5.3.3.2 Method 
Viscosity (section 3.1.1) measurements were made at 3 5°C on two sets of samples. The 
first set of samples of varying SWP: BSA ratio were prepared from 3% (w/w) SWP and 
10% (w/w) BSA, and the second from 4% (w/w) SWP and 25% (w/w) BSA. All samples 
were prepared in distilled water and measured on a Contraves Low Shear 30 rotational 
viscometer, using cup and bob geometry with inner and outer radii of 5.5 and 6mm 
respectively. The temperature was controlled to within ±0.5°C by a circulating water bath 
and measured by a thermocouple in direct contact with the sample. 
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5.4 RESULTS 
5.4.1 BSA unfolding 
Figure 5.12 shows the effect of varying concentrations of Gdn (guanidine hydrochloride) 
on 0.1mg/ml BSA. The concentration of Gdn required to reach 50% denaturation, i. e., 
where fd = 0.5, referred to as cm (the midpoint concentration) was found to be 3.25M. 
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Figure 5.12: Plot of fractional denaturation (fd) for BSA as a function of [Gdn]. 
The data in the transition region of Figure 5.12 was used to calculate an equilibrium 
constant, and hence Gibbs free energy for the denaturation reaction as a function of 
denaturation concentration. A plot of the apparent free energy as a function of Gdn 
concentration for the unfolding of BSA is shown in Figure 5.13. The extrapolated value of 
AG at zero molar denaturation, AGHZo, represents the thermodynamic spontaneity of the 
protein unfolding in the absence of denaturant (Liang and Terwillinger, 1991; Kellis et al., 
1988). The value AGGo was found to be equal to approximately 2.47. This information 
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was used to ascertain at what fraction of denaturation of BSA an optimum gel was 
formed. 
3 
................................................... 
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unfolding in the absence of denaturant. 
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Figure 5.13: Plot of the free energy of unfolding of BSA as a function of [Gdn]. 
5.4.2 Dynamic Mechanical Testing 
From Figure 5.14, it was found that the maximum storage modulus, when 12% (w/w) 
BSA was heated to 900C, occurred when the protein was only slightly denatured. An 
increase in denaturation led to the lower storage modulus values although the temperature 
at which the gel point was reached was lowered (Figures 5.14,5.15 & 5.16). 
0 
213 
30 
25 
O 
O 
O 
X 
20 
i1 
Co 
CL_ 
U 
CD 15 
O 
10 
w 
a 
5 
12345 
12%BSA(w/v) +x Molar Gdn. 
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When varying ratios of BSA/SWP mixtures were heated from 45°C to 90°C, it was 
observed that a small amount of SWP(1%) caused a major increase in the storage modulus 
of the system (Figure 5.17). 
s! 
0 
ZD 
Q2468 lO 12 XP 
12 10 86420 °99BSA 
Figure 5.17: Dependence of the storage modulus at 90°C on varying ratios of BSA/SWP 
mixtures. 
SWP on its own did not gel below 100°C (chapter 3). The Co for BSA, as found by 
Richarson and Ross-Murphy ( 1981), was 6.8%. The 6%BSA + 6%SWP combination 
formed a semi-gel (Figure 5.18). The temperature at the G'/G" crossover point for 
12%BSA was found to be 58.6°C. Addition of SWP reduced the gradient until the 
relationship became zero-order and finally there was no crossover i. e., no gel formed when 
BSA was absent from the mixture (Figure 5.19). If the concentration of BSA was kept 
constant and increasing amounts of SWP added, the relationship was linear with G' being 
proportional to the concentration of SWP. The gradients between the G' at 90°C; after 
holding for 15 minutes at 90°C and on cooling to 45°C were all equal (Figure 5.20). 
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Figure 5.18: Frequency sweep of 6%BSA + 6%SWP at 30Pa 
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Figure 5.19: Dependence of varying ratios of BSA/SWP on temperature at the start of 
gelation. 
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Figure 5.20: Comparison of the storage modulus at 90°C, holding at 90°C for 15 minutes 
and cooling to 45°C, for increasing concentrations of SWP in a SWP/BSA system. 
Treatment of 12% (w/w) BSA solution with 8M urea; 12% (w/w) BSA with 8M urea in 
the presence of 10 mM iodoacetate, and 12% (w/w) BSA with 50µd/ml f3- 
mercaptoethanol showed a six fold increase in the elastic modulus (G') compared with a 
control without ß-mercaptoethanol. A slight increase in G' was observed with urea 
whereas a decrease was noted when urea was added in the presence of iodoacetate (Table 
5.3). 
Table 5.3: Comparison of the elastic modulus for 12% BSA solution at 90°C with 
different chemical treatments. 
Treatment of 12% (w/w) BSA solutions G' (Pa) at 90°C 
BSA(control) 2715 
BSA+8M Urea 3106 
BSA + 8M Urea + 10mM iodoacetate 878.7 
BSA + 50pl/ml mercaptoethanol 16790 
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Monitoring the history of the elastic modulus between 45°C and 90°C for 
ß-mercaptoethanol treated BSA (12%, w/w) and SWP (12%, w/w) showed that the 
elastic modulus for BSA was independent of temperature, whilst the elastic modulus for 
SWP increased gradually from 45°C to 60°C, then decreased with increasing temperature 
(Figure 5.21). 
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Figure 5.21: Comparison of temperature sweeps for 12% (w/w) BSA and 12% (w/w) 
SWP after treatment with 50p lml ß-mercaptoethanol. 
5.4.3 Phase Separation Studies 
An experiment carried out using 3% (w/w) SWP / 10% (w/w) BSA gave a relative 
viscosity of 4 and a second combination of 4% (w/w) SWP / 25% (w/w) BSA gave a 
relative viscosity of 13. In order to compare the two results the percentage reduction in 
viscosity was calculated and plotted against the varying proportions of the mixtures 
(Figure 5.22). 
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Figure 5.22: Suppression of viscosity in mixed solutions of SWP with BSA. Results are 
shown for combinations of stock solutions with relative viscosities of 4(. ) and 13(+). In 
each case j denotes the proportion of BSA solution in the mixed systems. 
Between the two extremes of 100% SWP and 100% BSA, the solutions existed as single 
phases. As an increasing quantity of one polymer was added to the other, the solution 
visibly phase separated, with the measured viscosity being that of the continous phase. At 
the critical ratios of 50% SWP: 50% BSA and 80% BSA: 20% SWP an increase in 
viscosity was observed which was attributed either to a phase inversion or due to the fact 
that the systems tended to accomodate each other well resulting in a single phase. This 
effect was more pronounced in the 3% SWP / 10% BSA system. 
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5.5 Discussion 
5.5.1 BSA structure 
Based on the information that BSA is homologous to human serum albumin (HSA) 
(McLachlan and Walker, 1977), the location of helices in domains I. H and III were 
extracted from the amino acid sequence of BSA based on the crystallographic co- 
ordinates of HSA, and were found to be; 
" domain 1: (1) E6-L14; (2) E16-Q32; (3) D37-V54; (4) S65-V77; (5) M87-K93; (6) 
E97-H105; (7) PI 19-E125; (8) D 129-R144; (9) A150-C167; (10) C175 connected to 
K203 of helix (1) in domain H. 
" domain II: (2) E206-F221; (3) F228-H245; (4) L248-N265; (5) L273-D278; (6) 
K284-A289; (7) C314-E319; (8) D322-R335; (9) V341-C359; (10) H365 connected 
to F393 of helix (1) in domain M. 
" domain IIi: (2) Q402-V413; (3) P419-T437; (4) R443-L461; (5) E469-E477; (6) 
R482-L489; (7) D510-P515; (8) E518-K534; (9) Q541-C556; (10) E563-L581. 
5.5.2 Effect of Guanidine HCl 
Protein denaturation by pH is caused by the ionisation of the side chains whereas small 
ions or molecules other than protons, e. g., urea and guanidinium ion, affect both the side 
chain and backbone hydrogen bonds (Scheraga, 1961). In this study, the denaturation of 
BSA by guanidine hydrochloride (Gdn) can be approximated to the E form (Figure 5.10) 
but with more random coils depending on the concentration of Gdn., for two reasons: 
" Gdn. interacts with both nonpolar and polar surfaces more favourably than water 
(Creighton, 1993). Hydrophobic interactions in the protein molecule are reduced and 
the protein unfolds. 
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" Cys thiol usually ionises at slightly alkaline pH values with an intrinsic pKa in the 
region of 9.0 to 9.5. 
This means that the disulphide bonds will be intact in both cases of unfolding i. e., due to 
pH effects below neutral pH, and unfolding due to Gdn. at pH 7. Thermal denaturation is 
different from the above mentioned mechanism because of thermal motion and the rupture 
of disulphide bonds. The gel structure formed by heating different unfolded states of BSA 
by Gdn. was more elastic than BSA heated without prior unfolding. The maximum elastic 
modulus occurred with a1 molar [Gdn] and diminished with increasing [Gdn] (Figure 
5.14). This shows that some secondary structural elements were required for gel 
formation. Wang and Damodaran (1991), observed that ß-sheets were essential for gel 
network formation, and a critical value of about 25% was required. As [Gdn] was 
increased, BSA became more unfolded (random form) and the elastic modulus decreased 
(Figure 5.14). 
5.5.3 Effect of Heating 
In this study it is proposed that native BSA when heated passed through two stages 
(Kuznetsow et al., 1975; Lin and Koenig, 1976; Oakes, 1976; Wetzel et al., 1980), an 
initial reversible stage where some of the cc-helices unfolded and the molecules aggregated 
through inter-ß-sheet formation (Astbury et a!., 193 5; Lin and Koenig, 1976; Clark et 
al., 1981 b). As the temperature was increased further, Cys-34 was exposed and disulphide 
bonds were formed between different molecules, which formed the irreversible stage 
(Wetzel et al., 1980; Howell and Lawrie, 1985). 
Unfolding by Gdn. exposed hydrophobic groups. Therefore, the effect of addition of 1 
molar Gdn. to BSA caused an increase in hydrophobic interactions in both the first and 
second stages of gelation. Although the charge distribution on the tertiary structure seems 
fairly uniform (Figure 5.8), the primary structure is not uniformly charged. The calculated 
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net charges on domain I, II and III were -10, -8 and 0 (Peters, 1985). It is proposed that 
small quantities of SWP, which are negatively charged (chapter 2), were preferentially 
bound to domain III through electrostatic interactions resulting in a new aggregate. 
The forces involved in the aggregation were hydrogen bonding between the ß-sheets of 
BSA molecules, disulphide bonds between cys-34, hydrophobic interaction between 
exposed nonpolar residues and electrostatic interactions between the proteins in SWP and 
domain III of BSA. It is proposed that this extra enthalpic energy was responsible for the 
effect of small quantities of SWP on the elastic modulus of BSA (Figure 5.17). It is likely 
that a critical value of SWP was needed to saturate domain III in BSA. As the 
concentration of SWP increased, the elastic modulus decreased because domains I and II, 
being negatively charged, repelled SWP. SWP was found to aggregate on hydration which 
was proposed to be due to hydrophobic interaction (chapter 3). Heating SWP, caused a 
reduction in hydrophobic interactions (chapter 3). It is proposed that the exposed 
hydrophobic groups on SWP would preferably bind helix (10) of domain III of BSA, 
because helix (10) is made up of hydrophobic groups and two lysine residues. 
Urea behaves similarly to Gdn. except that, because it is not charged like Gdn, permeates 
the interior of protein molecules, occupying small cavities and somewhat perturbing the 
close-packed interior (Creighton, 1993). Treatment of BSA with urea caused an increase 
in the elastic modulus of BSA compared to the control (Table 5.3). This was due to the 
extra hydrophobic interactions made possible by urea denaturation. When urea was added 
in the presence of iodoacetate, the elastic modulus was considerably reduced. Iodoacetate 
blocks all the Cys-34 residues and prevents them from reacting as follows: 
Cys-CH2-SH + ICH2000- -------------> Cys-CH2-S-CH2000- + HI 
Cysteine lodoacetate S-Carboxyrnethylcysteine Hydrogen iodide 
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The foregoing shows that the most important force in BSA gelation was the reaction of 
Cys-34. When all the disulphides bonds were reduced by mercaptoethanol and then 
allowed to reform through disulphide interchange reaction, a substantial 6 fold increase in 
the elastic modulus was observed (Table 5.3). This reaction completely destabilised the 
BSA structure and a network was formed through covalent polymerization similar to 
rubber elasticity. A temperature sweep of 12% (w/w) BSA solution or SWP treated with 
ß-mercaptoethanol showed a considerable 1000 fold increase in the elasticity of BSA as 
compared to SWP. The G' for BSA was independent of temperature, so it is possible that 
the thermoelastic inversion point had been reached. This is the point at which force will be 
essentially independent of temperature and thermal expansion and entropy contraction 
balance. SWP on the other hand gradually increased its elasticity up to 60°C and then 
started melting with increasing temperature (Figure 5.21). 
5.6 Conclusions 
" BSA gelation is due to reactive cys34. 
" Although SWP does not form a gel at 90°C, it enhanced the gelation of BSA when 
added in small quantities. 
" The mechanism of SWP - BSA interaction is considered to be electrostatic, between 
SWP carboxyl groups and basic groups on BSA and hydrophobic interaction between 
exposed hydrophobic residues. 
" Partial unfolding of BSA prior to heating gives stronger gels. 
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CHAPTER 6 F 
6.0 INTERACTION OF SWP WITH WHEY 
6.1 Introduction 
Whey was traditionally regarded as a waste product and used as animal feed. However, in 
recent times, whey has attracted considerable attention as a potential food ingredient 
because of its nutritional value and functional properties. A study on the interaction 
between SWP and whey was undertaken to find new food applications and to understand 
the mechamism of interaction between the proteins. 
6.2 Whey Proteins 
The whey proteins are globular proteins which remain in the whey or serum during 
cheese-making and, unlike the caseins, they remain soluble in milk at pH 4.6. A further 
refinement in terminology reflects the method by which the casein is removed from skim 
milk. If precipitated with acid at pH 4.6, the aqueous phase is 'acid' whey. If removed by 
the action of rennin or rennin-like enzymes, the aqueous phase is 'rennin' or 'sweet' whey. 
The various whey proteins differ both in structure and in properties as a result of 
differences in amino acid sequence. The principal whey proteins like ß-lactoglobulin (ß- 
Lg) and a-lactalbumin (a-La) are synthesized in the mammary gland; the other major 
whey proteins such as bovine serum albumin and the immuno-globulins are derived from 
the blood and account for the remaining principal proteins of whey. In addition, whey 
contains other proteins such as lactoferrin (Lf), ceruloplasmin, and milk enzymes such as 
lysozyme (Lz), lipase, and xanthine oxidase, which are present in low concentrations. The 
amino acid composition, sequences and structural characteristics of the major whey 
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proteins, ß-Lg, a-La, and BSA, have been described { Whitney et al., 1976; Swaisgood, 
1982; Eigel et al., 1984). 
6.2.1 a-Lactalbumin 
a-Lactalbumin (a-La) with a molecular weight of 14176 daltons account for 25% of whey 
protein (1.2g11). The ratio of a-La to ß-Lg in bovine milk is approximately 1: 3 although it 
is the dominant whey protein in human milk. It has four disulphide bonds linking residues 
6 to 120,28 to 111,61 to 77 and 73 to 91 (Fig. 6.1). The biological function of a-La is to 
modulate the substrate specificity of galactosyltransferase in the lactose synthetase 
complex, which is responsible for the synthesis of lactose in lactating mammary tissue (Hill 
and Brew, 1975). The association of a-La to the lactose synthetase complex catalyzes the 
addition of glucose to galactose in the Golgi apparatus (Jones, 1978). Lactose synthetase 
is an enzyme complex made up of two components :A and B, both of which are necessary 
for catalytic activity. 
a-Lactalbumin is a calcium metalloprotein (Hiraoka et al., 1980). Highly purified a- 
lactalbumin contains a stoichiometric quantity of calcium ions, namely one Ca2+ per 
molecule of protein. Removal of this Ca2+ by chelation with ethylenediaminetetra-acetate 
(EDTA) reduces the stability of the protein. Mn2+ also binds to the main Ca2+ binding site 
of a-lactalbumin, but with a lower affinity. Lindahl and Vogel (1984) using phenyl- 
Sepharose affinity chromatography, suggested that a hydrophobic surface was exposed in 
apo-a-lactalbumin that disappears on calcium binding. This property was used to purify 
selectively apo-a-lactalbumin from Cat+-a-lactalbumin and they postulated that this apolar 
surface on the protein may be physiologically important in its binding to A protein. Zn2+ 
was also found to bind to a-lactalbumin but at a site which differed from the Ca2+ binding 
site (Murakami et al., 1982; Murakami and Berliner, 1983; Musci and Berliner, 1985b). 
When Zn2+ was bound to the Cat+- protein the conformation was changed to an "apo-like" 
conformation that was not identical with that of the true apo form (Musci and Berliner, 
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1985a). Binding of a-lactalbumin to Ca2+ stabilised the molecule against irreversible 
thermal denaturation (Hiraoka and Sugai, 1984). Studies of the mode of binding of these 
metal ions to a-La suggest that a balance between calcium and zinc concentrations in the 
Golgi lumen controls the protein conformation and the pattern of ion binding affects the 
catalytic properties (Vm ) of the lactose synthetase complex (Musci and Berliner, 1985b). 
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Fig. 6.1: Primary sequence of bovine a-La, including the four disulphide bridges 
(Vanaman et al., 1970). 
226 
LT$ 
GW 
e(34 
Cý0 NHS 
[ý 
Removal of bound Ca2+ by acid treatment reduced the transition temperature and 
facilitated the irreversible thermal denaturation and aggregation of the protein (Bernal and 
Jelen, 1984). 
a-Lactalbumin was found to share a significant degree of amino acid homology with 
lysozyme, suggesting evolution from a common ancestral gene (Hall et al., 1982). a- 
Lactalbumin is involved in the formation of a 01 --> 4 disaccharide, whereas lysozyme 
hydrolyses aß1 --> 4 bond between N-acetylmuramic acid and N-acetylglucosamine. Both 
a-lactalbumin and lysozyme were found to contain four exons separated by three introns, 
as shown in Figure 6.2 below. The introns were found to occur at homologous positions 
in the genes for the two proteins. This suggests that the acquisition of introns preceded the 
gene duplication event which ultimately gave rise to a-lact ! bumin and lysozyme. The 
wide variation in intron lengths between these two genes indicate major divergence within 
these regions, following gene duplication. 
Exon 1------------Exon2------------Exon3 ---- ------ -Exon4 
Intronl Intron2 Intron3 
a-lactalbumin(human) 159 648 159 489 76 499 333 
lysozyme(chick) 165 1270 162 1810 79 79 180 
Figure 6.2: Comparison of exon and intron lengths (in base pairs) of the 
a-lactalbumin and lysozyme genes. 
Cornish-Bowden, 1985) concluded that Exon 2 is the most highly conserved exon and 
appears to have a similar function in both proteins, that of substrate binding, although in 
lysozyme this exon also contains some catalytic site residues. Exon 4 plays an important 
role in galactosyl transferase binding in a-lactalbumin and hence shows very little 
homology with its lysozyme counterpart. Finally, the conserved aspartyl residues in exon 3 
account for the high affinity of a-lactalbumin for calcium ions. 
The hydrodynamic properties of a-lactalbumin suggested that it is almost a spherical 
compact globular protein (Bottomley et aL, 1990). Circular dichroism studies indicated 
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that its secondary structure at physiological pH consisted of 26% a-helix, 14% ß-sheet 
and 60% unordered structure (Bare] et al., 1972; Robbins and Holmes, 1970). 
ct-Lactalbumin had a low solubility in water between pH 4.0 and pH 5.0, and above pH 
9.0. Conformational changes occurred below pH 4.0 at ambient temperature, without 
causing irreversible aggregation (Lyster, 1972; Shukla, 1973). At neutral pH, when 
a-lactalbumin was heated, conformational changes were detected without any 
precipitation in buffer solutions (Baer et al., 1976). Paulsson et al. (1986) reported that 
a-lactalbumin was incapable of gelation at concentrations up to 20% (w/v) but Hines and 
Foegeding (1993), found that a-lactalbumin was capable of gelation at a protein 
concentrations of 7% (w/v). The difference in results may be due to the fact that Paulsson 
et al. (1986) heated their protein solutions at a rate of 1 °C/min up to 90°C whereas, Hines 
and Foegeding (1993) maintained the temperature of their a-lactalbumin solution for a3 
hour hold at 80°C. 
6.2.2 ß-Lactoglobulin 
6.2.2.1 Structure 
ß-lactoglobulin (ß-Lg) with a molecular weight of 18363 daltons is the major protein of 
whey (3.2g/1) and the most extensively characterised and best described of all food 
proteins (McKenzie, 1971; Swaisgood, 1982; Morr, 1982; Eigel et al, 1984). The amino 
acid sequence of ß-Lg is depicted in Fig. 6.3 (Creamer et al., 1983). The molecule consists 
of antiparallel ß-sheet, formed by nine strands wrapped round to form a flattened cone. 
The core of the molecule is an eight-stranded, antiparallel ß-barrel (Papiz et al., 1986), as 
shown in Fig. 6.4. This structure is similar to ten other binding proteins, including plasma 
retinol-. binding protein (Sawyer, 1987). Monomeric ß-lactoglobulins are characterised by 
the presence of one sui hydryl group and two disulfide groups. 
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The residues in each of the strands are as follows: 
----------- 
strands 
--------- 
A 
---------- 
B 
---------- 
C 
---------- 
D 
---------- 
E 
--------- 
F 
------------ 
G 
------------ 
H 
------------ 
I 
residues 
----------- 
16-27 
--------- 
39-44 
---------- 
47-58 
---------- 
62-76 
--------- 
80-84 
----------- 
89-97 
--------- 
102-109 
------------ 
115-124 
------------ 
145-150 
------------ 
Strands E, F, G, H, and I are flanked by a 3-turn helix (130-140). Reverse turns occur at 
residues 44-47,59-62,78-81 and 84-88 but the turns at 98-102 and 111-115 are not true 
ß-bends. Strand I is involved in the formation of the dimer by making anti-parallel 
interactions with the dyad-related strand. 
Fig. 6.3: Primary sequence of bovine ß-lactoglobulin B. The residues marked with a small 
asterisk vary from species to species with the genetic variant. The free suithydryl is shown 
with a big asterisk as Cys121. (From Creamer et al., 1983). 
The interface between monomers also involves hydrophobic interactions between Ile 29 
and Ile 147, and stacking of the imidazoles of symmetry-related His 146 residues. The free 
suiphydryl, at position 121, is buried at the sheet-helix interface. The disulphide bridges 
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and the free thiol group provide a potential for inter- and intramolecular disulphide link 
interchange during conformational changes associated with pH alterations or heat 
treatment. Intra-molecular disulphide bonds maintain the structural integrity and increase 
the stability of proteins (Cantor and Schimmel, 1980). This has been exemplified in the 
case of ß-lactoglobulin, in which the reduction of either one or both of the two disulphide 
bonds destabilizes the conformation and increases the susceptibility of the protein to 
peptic, tryptic, and chymotryptic digestibility (Otani, 1981; Reddy et al., 1988). 
U 
B 
C 
Fig. 6.4: (a) Drawing of the ß-Lg fold showing the position where retinol is proposed to 
bind. (b) Topology of the protein. (Papiz et al., 1986). 
ß-Lactoglobulin is sensitive to heat denaturation, pH and ionic strength changes. While the 
protein is acid-stable, resisting denaturation at pH 2 (Aschaffenburg and Drewry, 1957), 
the structurally stable monomer associates to form a complete dimer in the region pH 3.5 - 
5.2 at room temperature and moderate concentrations. The protein exists as a dimer in 
solution because of electrostatic interactions between Asp130 and Glu'34 of one monomer 
with the corresponding lysyl residues of another monomer (Creamer et al., 1983). At 
neutral pH, ß-Lg exists as a dimer (Fig. 7.7). The dimer starts to dissociate when the 
temperature is increased above 400C (Georges et al., 1962). Octamerization of ß-Lg may 
occur around the isoelectric region of pH 5.1 (Gilbert and Gilbert, 1973). The stability of 
N 
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ß-lg at low pH (<4.0) is most often utilized in isolating the protein from whey. Several 
methods of isolation of ß-lg from the whey fraction of milk has been mentioned 
(Aschaffenburg and Drewry, 1957; Fox et al., 1967; Armstrong et al., 1967; Ebeler et al., 
1990). Heating whey solutions to 65°C in the pH range 4.1 to 4.3 for 30 minutes permits 
recovery of the protein from ß-lg enriched supernatant (Pearce, 1983). 
Seven different variants of ß-lg have been identified and are referred to as the A, B, C, D, 
E, F, and G forms (Whitney et al., 1976; Eigel et al., 1984). The most prevalent are the A 
and B forms (Eigel et al., 1984). All the variants of ß-lg possess 162 amino acid residues. 
However, each variant may differ in the positions of one to three amino acid residues, 
which are generally caused by point (single base) mutations in the gene encoding for the 
protein (Eigel et al., 1984). The A variant self associates more readily than the B form 
because of a replacement of a Gly residue in the B variant for an Asp residue in the A 
variant at position 4, which has more chances of forming a salt bridge with other basic 
residues ( Timasheff and Townend, 1964; Pessen et al., 1985). 
6.2.2.2 Solubility 
The solubility of proteins is controlled by a sensitive balance between repulsive and 
attractive intermolecular forces which in turn are dependent upon protein and water 
structures and affected by solvent conditions. Proteins are soluble in water when 
electrostatic repulsive forces are greater than attractive hydrophobic interactions. Polar 
and ionizable groups of proteins largely confer solubility by virtue of their greater 
hydrogen bonding capacity with water molecules (Damodaran and Kinsella, 1982). Native 
proteins which contain many exposed aromatic amino acid residues are much more 
insoluble at the isoelectric pH than are proteins that have very few exposed aromatic 
groups. Although ß-lg is a relatively hydrophobic protein, the relative absence of 
numerous nonpolar groups, particularly aromatic, on the molecular surface may explain 
why this protein remains soluble in aqueous solution, even when electrostatic repulsive 
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forces are low or absent. Low ionic concentrations of neutral salts (<0.1 M NaCl) may 
further increase the solubility (Swaisgood, 1982; Hayakawa and Nakai, 1985). 0- 
Lactoglobulin, in solution of NaCI (0.05 to 0.1 M) and heated to 90°C for varying lengths 
of time (0 to 60minutes), unfolds yet remains soluble (Harwalkar and Kalab, 1985). 
Sodium chloride at ionic strengths greater than 0.15M caused ß-ig in solution to become 
turbid after 5 to 10 minutes of heating (Harwalker and Kalab, 1985). Globular proteins 
such as ß-lg show maximum hydration around ionic strengths of 0.15M (Fennema, 1977; 
Kinsella, 1982) and their stability could arise from the withdrawal of nonpolar residues 
from the surface into the interior of the protein, giving it a more compact form. At lower 
ionic strengths, the selective binding of chloride ions by the protein anionic sites may also 
give rise to a more compact form (Kinsella, 1982). However, at a higher ionic strength, 
the masking of electric charges by the electrolyte allows enhanced hydrophobic 
associations between protein molecules and results in formation of precipitates or 
aggregates (Tanford, 1968; Harwalker and Kalab, 1985). 
6.2.2.3 Denaturation 
Increasing temperature progressively disorders both protein and water structures by 
disrupting hydrogen bonding, thus facilitating unfolding. Native ß-lg, which is soluble at 
the isoelectric pH (pl), became increasingly less soluble as the protein solution was heated 
from 40-60°C because as the protein molecule unfolded, previously buried nonpolar 
groups were exposed which enhanced protein-protein interactions and led to protein 
aggregation (McKenzie, 1971; Hegg, 1980; Hayakawa. and Nakai, 1985; Kella and 
Kinsella, 1988). Heating above 70 to 80°C resulted in pronounced changes in physico- 
chemical behaviour which were generally characterised by complete unfolding or 
denaturation of the protein molecules and sulphydryl-disulphide interchange reactions with 
other protein molecules that contain a free sulphydryl group (Sawyer, 1968; Watanabe and 
Klostermeyer, 1976). 
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The denaturation of ß-lg has been divided into two stages, primary and secondary. In the 
primary reaction a series of molecular aggregates via intermolecular disulphide bond 
formation occurs. Larger aggregates which do not involve disulphide bond formation then 
form in the secondary stage (Sawyer, 1968). Watanabe and Klostermeyer (1976) 
examined the effect of heat treatment, pH and oxygen on the sulphydryl and disulphide 
content of ß-lg A. At pH 6.9, under aerobic conditions, they observed a decrease in 
sulphydryl and an increase in disulphide bond content with increasing time and 
temperature, while only small changes were noticed under anaerobic conditions. Over a 
pH range of 3.0 to 9.8, the sulphydryl content decreased on heating, while disulphide bond 
content increased up to pH 6.9. Elfagm and Wheelock (1977) observed that the thermal 
denaturation of ß-lg occurred in two stages, the first being a small aggregate of four 
monomers, the primary denatured form. This aggregation involved sulphydryl groups and 
occurred above 70°C. Above this temperature the rate of formation of the primary 
denatured state increased sharply to a maximum between 80 to 85°C. The second stage 
involved conversion of the small aggregates to a large one. This secondary aggregation 
did not involve sulphydryl groups and occurred at a lower temperature than that needed 
for primary aggregation. 
6.2.3 Whey Functional Properties 
Whey proteins are globular proteins with a limited number of disulphide bonds ( Fox and 
Mulvihill, 1982; Swaisgood, 1982) which confer a certain degree of structural constraint 
and impart stability. Compared with the caseins, whey proteins are more heat-sensitive, 
less calcium-sensitive, and can engage in thiol-disulphide interchanges to form oligomeric 
structures ( McKenzie, 1971; Fox and Mulvihill, 1982; Swaisgood, 1982). The native 
structure of the globular proteins in whey represents a thermodynamic equilibrium, and 
protein conformation may fluctuate depending on environmental conditions 
( Creighton, 1985; Karplus and McCammon, 1986). The noncovalent forces involved in 
233 
stabilizing native protein structure include hydrogen bonding, hydrophobic, Van der 
Waals', and electrostatic interactions, while covalent disulphide bonding is important in 
maintaining the structural integrity of extracellular proteins ( Schulz and Schirmer, 1979). 
Alterations in environmental factors which impact on these forces can alter the 
conformation of proteins: salt may weaken ionic interactions ( Schulz and Schirmer, 
1979); cleavage of intramolecular S-S bonds by thiol groups can facilitate protein 
unfolding and protein-protein interactions, resulting in coagulation or gelation 
( Schmidt, 1981); acidic conditions can affect calcium binding ( Bernal and Jelen, 1984); 
calcium binding may stabilize a particular conformation ( Hiraoka and Sugai, 1984; Stuart 
et aL, 1986); temperature treatments greatly affect protein conformation, as in the case of 
dissociation of ß-Lg and exposure of the reactive thiol group of ß-Lg upon heating 
( Watanabe and Klostermeyer, 1976). Whey proteins become denatured at temperatures 
above 650 to 70 
0C 
and may coagulate after heat treatment ( Patocka et al., 1987). The 
nature, extent, and rate of denaturation can be influenced by a number of factors such as 
pH, ionic strength, protein concentration, time, and temperature of heating ( Kilara and 
Sharkasi, 1986). The thermal denaturation of whey proteins is pH sensitive. The pH 
affects the rate of denaturation and coagulation by affecting the net charge of the protein 
( Harwalkar, 1986). Thus, minimal coagulation occurs when whey proteins are heat- 
denatured above pH 6.5 ( deWit, 1981) or below the critical pH range of 3.7 to 3.9 
( Bernal and Jelen, 1985). The presence of calcium enhances protein aggregation 
following heating at particular pHs and this is attributed to neutralization of electrostatic 
repulsions (deWit, 1981; deWit and Klarenbeek, 1984; Bernal and Jelen, 1984; Patocka 
et al., 1987). Thus, the net effects of noncovalent forces and interactions play major roles 
in the functional behavior of whey proteins. For example, in gelation, a balance of 
attractive (hydrophobic and electrostatic interactions and hydrogen bonding) and repulsive 
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(electrostatic) forces is necessary in discrete regions of interacting molecules for adequate 
network formation ( Schmidt, 1981; Mulvihill and Kinsella, 1987,1988). 
-- ----------- 
Acid 
--- - - -- 
----- ------------ 
ß-L9 
----------- - -- --- 
a-La 
- ------ ---------- 
BSA 
---------------- 
Lz 
--------- 
Lf 
- - - --- -- 
Asp 
----------------- 
11 
-------------------- 
9 
------------------ 
41 
--------------- 
13 
---------- 
53 
Asn 5 12 13 10 44 
Thr 8 7 34 8 52 
Ser 7 7 28 8 50 
Glu 16 8 59 10 30 
Gin 9 5 20 4 68 
Pro 8 2 28 9 44 
Gly 3 6 15 11 74 
Ala 14 3 46 5 98 
1/2 Cys 5 8 35 6 38 
Val 10 6 36 6 66 
Met 4 1 4 2 4 
Ile 10 8 14 10 26 
Leu 22 13 61 5 106 
Tyr 4 4 19 7 34 
Phe 4 4 27 7 43 
Trp 2 4 2 1 17 
Lys 15 12 59 10 78 
His 2 3 17 7 14 
Arg 
- -- 
3 
--- -- -- 
1 
---- - -- 
23 15 
-- 
58 
---- - - - 
Total 
-- ----- - 
162 123 581 154 987 
-- ----- - ---------- -- - --------- 
Table 6.1: Amino acid compositions of the major proteins of whey from Bovine Milk (Swaisgood, 
1982; Brown, 1977; Brew et al., 1968; Eitenmiller et al., 1976; Wang et al., 1984). 
Lyster (1972) found that the denaturation of a-lactalbumin in heated skim milk was first 
order, while the denaturation of ß-lactoglobulin was second order with respect to time. 
Gough and Jenness (1962) indicated that with the isolated proteins in buffer solution, the 
denaturation of both proteins followed first order kinetics. It was concluded that except 
for ß-lactoglobulin below 78°C, reaction of the sulphydryl group of ß-lactoglobulin played 
a large part in the denaturation of both a-lactalbumin and ß-lactoglobulin in skim milk. 
Elfagm and Wheelock (1978a, 1978b) have also shown that -there is an interaction 
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between a-lactalbumin and ß-lactoglobulin on heating. Melo and Hansen (1978) found 
that a-lactalbumin was much more resistant to denaturation when heated alone at 143°C 
for 8-10 seconds, than when ß-lactoglobulin was present. ß-lactoglobulin was shown to be 
the major source of sulphydryl groups. An a-lactalbumin - ß-lactoglobulin complex was 
said to form on heating, and it was also thought to be disulphide linked. Hillier et al., 
(1979) showed that an increase in the concentration of solids decreased the denaturation 
of ß-lactoglobulin A and B but accelerated the denaturation of a-lactalbumin. Nielsen et 
al., (1973) and Guy et al., (1967) also proved the point that whey denaturation is reduced 
at higher concentrations and that a total solids concentration of about 20% gives 
maximum protection against protein denaturation in heated cheese whey. 
-------- - -------------- 
ß-Lg a-La BSA Lf 
-------- --- -- - ------- --- --- 
Conc. inmilk(g/1) 
-- - ----- -- ------ 
3.2 
------------------- - 
1.2 
- ----- - ---------- 
0.4 
--- ------- 
0.3 
Mol. weight ( Dalton) 18363 14176 66267 77000 
Amino acids / molecule 162 123 5 82 700 
Cysteine / molecule 5 8 35 32 
S-S bridges / molecule 2 4 17 16 
Phospho / molecule 0 0 0 
Isoelectric point 5.1-5.3 4.2-4.5 4.7-5.1 8.0 
a-helix (%) 10 26 55 41 
ß-sheet (%) 50 14 16 24 
Unordered 40 60 29 35 
Table 6.2: Properties of whey proteins ( Eigel et al., 1984; Swaisgood, 1982; Fox, 1989; Anderson 
et al., 1987). 
6.2.4 Whey protein concentrates (WPC) manufacture 
Milk is initially pasteurised at 72°C for 15 seconds, followed by storage at low 
temperature to minimise microbial, biochemical and chemical deterioration, which would 
otherwise affect the flavour and functional quality of the WPC. In order to minimise 
flavour defects fat is removed from the pasteurised milk by centrifugation to produce skim 
236 
milk. Casein is then removed by destabilising the micellular structure causing it to 
precipitate either by: 
" isoelectric precipitation; involving acidification to pH 4.6 at which point the net charge 
on the casein proteins is zero and the proteins aggregate, or 
" rennet precipitation; in which an enzyme in rennet (chymosin) hydrolyses part of the 
micelles rendering them susceptible to aggregation. 
The whey serum is then separated from the casein precipitate or curd, as a dilute liquid 
containing the soluble protein fraction of milk, lactose, salts, residual fat and some casein. 
The two methods used for precipitating casein give rise to two types of whey: acid whey is 
produced from isoelectric precipitation and sweet whey from rennet precipitation. 
To produce whey protein concentrates, the protein fraction is isolated from the whey and 
concentrated as described below: 
f Pretreatment: Whey is usually pretreated to improve the efficiency of the subsequent 
fractionation processes. Pretreatment commonly involves pH and temperature 
adjustment, addition of calcium and calcium complexing agents to prevent formation 
of insoluble and colloidal calcium phosphate complexes, and either quiescent standing 
or centrifugation to remove residual milk fat and casein precipitate. 
f Protein concentration / fractionation: The common steps involved in the 
concentration of whey proteins usually involve a two to five fold increase in the solid 
concentration using reverse osmosis (RO) which removes water from whey, followed 
by protein fractionation using either a combination of selective membrane filtration 
processes; ultrafiltration (UF) and diafiltration (DF) which remove salts and sugars 
from the concentrated whey, or ion exchange adsorption (IEA) which separates 
specific proteins from the concentrated whey. 
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RO is a membrane filtration process. The membrane pore sizes are 3- 15A in diameter 
which allow water to permeate but reject 95% NaCl, sugars and larger molecular weight 
components (Moor, 1989). 
UF is a membrane filtration process. The membrane pore sizes are 15 - 1000 A in diameter 
which allow permeation of minerals and sugars but which rejects proteins (Moor, 1989). 
DF is an ultrafiltration process in which water is simultaneously added to remove further, 
salts and sugars from the process fluid (Moor, 1989). 
IEA is an adsorption /desorption process using an ion exchanger, which exploits the 
amphoteric properties of the proteins. Proteins are adsorbed onto the ion exchanger at pH 
4.5, thus facilitating separation from lactose, salts, water and desorbed by eluting with 
water at a higher pH (Bottomley et al. 1990). IEA is used to manufacture high protein 
products called whey protein isolates (WPI) containing typically 90% (w/w) or more 
whey protein. 
6.2.5 Bipro Whey protein isolate 
The whey protein used in the project was whey protein isolate (Bipro) from Le Sueur 
isolates, 719 North Main, Le Sueur, MN 56058 USA. The following description of the 
properties of Bipro were provided by the Manufactures. 
f Description 
Bipro is described as a mixture of ß-lactoglobulin and a-lactalbumin; soluble over the 
pH range 2.0 to 9.0. It has good gelling, water binding, emulsification and aeration 
properties and is lactose free. 
" Typical Analysis 
Protein (N x 6.38) (dry basis) ............................ > 
95% 
Ash ................................................................... < 
3% 
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Fat 
.................................................................... < 1% 
Lactose 
............................................................. < 1% 
Moisture 
........................................................... < 5% 
pH (10% solution) ............................................ 6.7-7.5 
Microbiological Data 
Standard plate count ................................ max. 30,000/g 
Coliform 
................................................ negative in 0.1g 
Mold / Yeast 
........................................ negative in 0.01g 
Salmonella 
.......................................... negative in 25.00g 
Staph. Aureus Coagulase positive ....... negative 
in 10.00g 
f Typical Amino Acid Profile (mg/g) 
Isoleucine 51 
Methionine & Cysteine 
Phenylalanine & Tyrosine 
Threonine 
Tryptophan 
Valine 
Arginine 
Proline 
f Suggested Uses 
45 
71 
47 
19 
48 
28 
46 
Leucine 
Lysine 
Aspartate 
Glutamate 
Histidine 
Alanine 
Glycine 
Serine 
133 
100 
109 
160 
100 
48 
16 
48 
Frozen desserts, protein fortified juices, ice cream, salad dressings, yogurt beverages, 
cream fillings, meat binding, egg white replacer, therapeutic nutritional supplements, 
lactose free and reduced calorie mixes. 
f Storage & Packaging 
Bipro is hygroscopic and can absorb odours. Therefore, adequate protection is 
essential, i. e, temperatures below 25°C, relative humidities below 65%, and an odour 
free environment. 
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6.3 Materials and Methods 
6.3.1 Visual assessment of SWP and Whey protein isolate (WPI) mixtures 
6.3.1.1 Materials 
SWP (section 2.3) and whey protein isolate Bipro (WPI) (section 6.2.5). 
6.3.1.2 Sample preparation 
Stock solutions of individual proteins (SWP and WPI) were prepared at room temperature 
and pH 7.0. Samples were mixed to the desired concentration as required. 
6.3.1.3 Method 
Varying concentrations of protein samples and combinations were heated to different 
temperatures (60°C - 95°C) in a water bath for 30 minutes and then allowed to cool in 
running water to room temperature. A visual assessment was made by inverting the test 
tubes and concentrations and combinations were assessed as follows: 
" freely flowing liquid - 
" viscous liquid VL 
" starts forming network (semi-gel) 
" Hard Gel 
6.3.2 Apparent Viscosity Studies on SWP and WPI mixtures 
6.3.2.1 Materials 
The materials used were the same as in section 6.3.1.1 
6.3.2.2 Sample preparation 
The methods for sample preparation were the same as same as section 6.3.1.2 
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6.3.2.3 Method 
Apparent viscosity measurements using a Brookfield viscometer at 20sec"' shear rate for 
10%SWP, 5%SWP+5%WPI, 10%WPI, 11%SWP, 5.5%SWP+5.5%WPI, and I1%WPI, 
with and without NaCI (2%) were undertaken at 20°C (Figure 6.16), 80°C (Figure 6.17) 
and 95°C (Figure 6.18). NaCl (2%) was used because that is approximately the 
concentration that the food industry uses. A similar study using 0.1 % NaCl was also made 
(Figure 6.19). The two protein powder concentrations of 10%w/v and 11 %w/v were 
selected because they fit into region 2 of the visual assessment results, this being the 
region mostly affected by NaCl. 
Instrument 
The Viscometer measured the viscosity by measuring the force required to rotate a spindle 
in a fluid. For a series of measurements made at more than one speed using a particular 
spindle, the rate of shear was directly proportional to the rpm at which the measurements 
were made. In turn, the deflection of the needle was directly proportional to the shearing 
stress. Since the relationship between torque and dial reading was absolutely linear, each 
division on the 100 scale corresponded to 1/100th of 71.87 dyne-cm. which is the full 
scale torque. 
Shearing Stress(factor) = Torque(dyne-cm. ) / Volume (cm. 3) 
_ (71.87 / 70) dyne / cm. 2 
= 1.03 dyne cm 2 
Shear rate (factor) (2irN / 60) / sin8 (sec-) where N= Instrument speed 
and sin8 =1 since 8= 900 
6.3.3 Phase separation 
The experiment undertaken to detect phase separation were similar to those described in 
section 5.5. 
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6.3.3.1 Materials 
The materials used were the same as in section 6.3.1.1 
6.3.3.2 Sample preparation 
The methods for sample preparation were the same as same as section 6.3.1.2 
6.3.3.3 Method 
Viscosity (section 3.1.4) measurements were made on varying ratios of mixtures of 3.5% 
(w/w) SWP and 20% (w/w) WPI, at 35°C on a Contraves Low Shear 30 rotational 
viscometer, using cup and bob geometry with inner and outer radii of 5.5 and 6mm 
respectively. Temperature was controlled to within ±0.5°C by a circulating water bath and 
measured by a thermocouple in direct contact with the sample. 
6.3.4 Dynamic Mechanical Testing 
The theory related to dynamic mechanical testing has been discussed in section 3.1.8.1. 
6.3.4.1 Materials 
SWP (section 2.1.3); whey protein isolate Bipro (WPI) (section 6.2.5); and 
ß-mercaptoethanol which was obtained from Sigma Chemical Co. Ltd., Poole, Dorset, UK. 
6.3.4.2 Sample preparation 
Three different sets of experiments were carried out. In the first experiment, stock solutions of 
20% (w/w) WPI and 20% (w/w) SWP were prepared and mixed to give samples of 4% SWP 
+ 10% WPI and 10% SWP + 6% WPI (Figures 6.16 and 6.17). 
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In the second set of experiments, stock solutions of 24% (w/w) WPI and 24% (w/w) SWP 
were prepared and mixed in varying proportions to give a total protein powder concentration 
of 12% (Figures 6.25 and 6.26). 
In the third set of experiments, 12% (w/w) WPI and 12% (w/w) SWP were mixed with 
500m1 ß-mercaptoethanol. 
All the samples were prepared in distilled water at room temperature and pH 7.0. 
6.3.4.3 Method 
Small-deformation oscillatory measurements were carried out with a Rheometrics 
controlled stress rheometer at a frequency of 1 radian per second. A temperature sweep 
was performed between 45°C and 90°C at a rate of 1- 2°C per minute, held at 90°C for 15 
minutes and then cooled to 45°C. 
6.3.5 Circular Dichroism (CD) 
The theory related to circular dichroism has been discussed in section 3.1.3 
6.3.5.1 Materials 
a-Lactalbumin, disodium hydrogen phosphate and sodium dihydrogen phosphate were 
obtained from Sigma Chemical Co. Ltd., Poole, Dorset, UK. 
6.3.5.2 Sample preparation 
Solutions of a-Lactalbumin (0.5mg/ml) were prepared in 0.1M phosphate buffer at room 
temperature and pH 7. 
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6.3.5.3 Method 
Samples of a-Lactalbumin (0.5mg/ml) were run on a JASCO J600 between 20°C and 950C 
using 0.2mm cell and analysed by the CONTIN 2 program (Provencher and Glöckner, 1981). 
The spectra were corrected for dilution and non-protein absorption. 
6.3.6 Molecular Modelling 
It was necessary to model the proteins based on experimental data and to postulate from 
the model how the individual proteins would interact with other. The software Rasmol 
was used on atomic coordinates of the protein molecules as stored in the Protein Data 
Bank in Brookhaven. 
6.4 Results 
6.4.1 Visual Assessment of SWP and WPI mixtures 
When visually assessed, WPI gelled at a concentration of 15% (w/v) when heated to 95°C 
(Figure 6.5) at neutral pH. NaCl (0.1 - 0.8%) had no effect on the gelation of WPI at 
temperatures < 60°C and concentrations < 8% (w/v) (Figure 6.6) but dramatically 
increased gelation at temperatures - 70°C (Figures 6.7,6.8, & 6.9). 
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WPI (%) 
w pi 1 2 3 4 5 6 7 8 9 10 
1 - - - - - - - - - - 
2 - - - - - - - - - - 
3 - - - - - - - - - - 
4 - - - - - - - - - VL 
5 - - - - - - - - VL 
6 - - - - - - - VL * GEL 
7 - - - - - - VL * GEL GEL 
8 - - - - - VL * GEL GEL GEL 
9 - - - - VL * GEL GEL GEL GEL 
10 - - - VL * GEL GEL GEL GEL GEL 
Legend: VL=viscous liquid -= freely flowing liquid *=starting point for gelation 
Concentrations of WPI in % v/w 
Figure 6.5: Gelation table for WPI at 95°C. 
NaCI (%) WPI (%) 
345678 
0.1 <-------------------------------- clear liquid -----------------------------------------> 
0.2 <-----_--------------------- --- clear liquid --------------------------------_-_____> 
0.3 <--------------------------------- clear liquid ------------------- 
0.4 <------------------------------ clear liquid -----------_-----------------------------> 
0.5 <------------------ -------- clear liquid 
0.6 <- ---------------------------- clear liquid 
0.7 <------------------------------ clear liquid ----------------------------------------> 
0.8 <-------------------------------- clear liquid ------------------- _------______---_-> 
Figure 6.6: Effect of varying concentrations of NaCl (0.1 - 0.8%) on WPI at 60°C. 
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NaCl (%) 
345 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
WPI (%) 
7 8 
<---------------------------------- clear liquid ----------------------------------------------> 
<---------------------------------- clear liquid ----------------------------------------------> 
<------------------------------- translucent liquid------------------------------------------> 
<--------- translucent liquid -------><-} ighly viscous translucent liquid-><-TSG-> 
<------- OWL------><---OWHVL---><----- OWSG---- ><---------- --OWG -----------> 
<-------OWL------ ><----------------- OWSG---- --------><------- ----- OWG ---_-----> 
<OWL><OWHVL><---OWSG---><------------------- OWG -------------------------> 
<OWL><OWHVL><---OWSG---><----------- -------- OWG -------------------------> 
Legend: TSG=translucent semi-gel 
OWSG=opaque white semi-gel 
OWHVL=opaque white highly viscous liquid 
OWL=opaque white liquid OWG=opaque white gel 
6 
Figure 6.7: Effect of varying concentrations of NaC1(0.1 -0.8%) on WPI at 70°C. 
NaCl (%) WPI (%) 
345678 
0.1 <--------------------------------- clear liquid ------ --------------___----------------- 
0.2 <-------------------------------- clear liquid HTL-> 
0.3 <----- ------------------- translucent liquid------><---TSG----->< --- TG--> 
0.4 < translucent liquid ><--THVL--><-----OWSG-----><----------- --OWG------------> 
0.5 <--OWL --- ><--OWSG-><---- ----------OWG -- ----------> 
0.6 <OWHVL><OWSG><---_______N ---------------- OWG 
0.7 <OWHVL><OWSG><----------------------------- OWG 
0.8 <OWHVL><OWSG><-------- ------------ ---------- OWG ------_> 
Legend: THVL=translucent highly viscous liquid HVL=highly viscous liquid TG=translucent gel 
TSG=translucent semi-gel 
OWSG=opaque white semi-gel 
OWHVL=opaque white highly viscous liquid 
OWL=opaque white liquid OWG=opaque white gel 
Figure 6.8: Effect of varying concentrations of NaC1(0.1 -0.8%) on WPI at 80°C. 
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NaCI (%) WPI (%) 
345678 
0.1 <--------------------------------translucent liquid ----------- 
0.2 <--------translucent liquid ---------><------ translucent semi-gel-------><- TG -> 
0.3 < -TL-><----- ------ TSG-------- -_><----- ------ ------ opaque white gel---- ----- ---- > 
0.4 < ----------------------------------opaque white gel--------------------------_--_-------> 
-------------- opaque white gel-------- > 
0.6 <-----------------------------------opaque white gel--------------- ------ __------- -----> 
0.7 <-----------------------------------opaque white gel-------------- > 
0.8 -------------opaque white gel------------ > 
Legend: TSG=translucent semi-gel TL= translucent liquid TG=translucent gel 
Figure 6.9: Effect of varying concentrations of NaCI (0.1 - 0.8%) on WPI at 95°C. 
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Figure 6.10: Effect of temperature on the sol-gel transition of WPI and modulation by 
NaCl. 
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The sol-gel transition of WPI was affected by temperature, salt and protein concentration. 
Increasing the concentration of NaCl lowered the transition zone temperatures and protein 
concentration at which gelation occurs (Figure 6.10). SWP did not gel below 1 00°C at 
concentrations < 24%w/w but was found to gel at 120°C. At concentrations >` 28% 
(w/w) it formed a paste which could be turned into a gel under high shear at room 
temperature. WPI started to gel at 70°C when the concentration > 18%w/v (Figure 6.10) 
and at 90°C, 15% WPI formed a gel. Certain combinations of SWP / WPI gelled at a total 
protein powder concentration of 14%w/v (Figure 6.11). These gels are most likely to be a 
continuous phase of whey gel trapping liquid SWP as lakes. 
wrI (%%' 
SWP 1 2 3 4 5 6 7 8 9 10 
1 - - - - - - - - - VL 
2 - - - - - - - - VL VL 
3 - - - - - - - VL * * 
4 - - - - - - VL * GEL GEL 
5 - - - - - VL * * GEL GEL 
6 - - - - VL VL * GEL GEL GEL 
7 - VL * * GEL GEL GEL GEL 
8 - - VL VL * * GEL GEL GEL GEL 
9 - VL VL VL * GEL GEL GEL GEL GEL 
10 VL VL VL * * GEL GEL GEL GEL GEL 
Legend: VL=viscous liquid -= freely flowing liquid *=starting point for gelation 
Concentrations of SWP and WPI in % v/w 
Figure 6.11: Gelation table for SWP/WPI mixtures at 95°C. 
248 
The addition of 0.2% (w/w) NaCl changed the sol-gel transition (Figure 6.12 & 6.13). 
There were three regions in Figure 6.13. On the left of the curves (region 1) is a sol phase, 
followed by a region between the curves (region 2) which is a sol phase without salt but 
when salt is added, becomes a gel phase and to the right of the curves (region 3) is a gel 
phase. Region 1 diminished whilst region 2 increased as salt concentration increased. Salt 
had a minimal effect on SWP but a dramatic effect on WPI as shown by the area between 
the curves. At high SWP concentrations, the change in sol-gel transition caused by salt 
was small compared to the effect NaCl had on high WPI concentrations. 
WPI (%) 
SWP 1 2 3 4 5 6 7 8 9 10 
1 - - - - - - VL * GEL GEL 
2 - - - - - VL * GEL GEL GEL 
3 - - - - - * * GEL GEL GEL 
4 - - - - VL * * GEL GEL GEL 
5 - - - - * * GEL GEL GEL GEL 
6 - - - - * * GEL GEL GEL GEL 
7 - - - VL * * GEL GEL GEL GEL 
8 - - - VL * GEL GEL GEL GEL GEL 
9 - - VL * GEL GEL GEL GEL GEL GEL 
10 - - VL * GEL GEL GEL GEL GEL GEL 
Legend: VL=viscous liquid -= freely flowing liquid *=starting point for gelation 
Concentrations of SWP and WPI in % v/w 
Figure 6.12: Gelation table for SWP/WPI mixtures at 95°C in the presence of 
0.2% NaCl. 
249 
10 
3 
8S 
w 
Q 
O 
ca 
A 
cýi 
region 3 
gel-phase 
- region 1 
sol-phase 
region 2 
8 
6 
4 
2 
0 
U2468 10 12 14 16 
Cozicentration Uf Whey (%w/v) 
°1 aC! J 0.2%. NtCl 
Figure 6.13: Sol-gel phase transition of SWP/WPI combinations and the effect of NaCl 
(0.2%) after heating to 95°C and cooling to room temperature. 
6.4.2 Apparent Viscosity measurements 
120 
100 
80 
ce3 
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20 
0 
1O% (1t7°. ß+2%NaCI) I1% (11°i%+2t%) NaCI) 
concentration (%w/v) 
r- SWP SWP-4-Whey 
- Whey 
Figure 6.14: Comparison of viscosity of varying concentrations of SWP and WPI with and 
without 2%NaCI at 20°C. SWP+Whey = 50%SWP + 50%Whey. 
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At 20°C, for the samples without salt, viscosity increased with an increase in 
concentration. NaCl lowered the viscosity of SWP but increased that of WPI. The 
viscosity of the SWP/WPI mixture also decreased with salt because of the large difference 
in viscosity caused by salt on SWP. As the temperature increased to 80°C, the viscosity of 
SWP without salt decreased substantially for both 10% and 11% concentrations (Figure 
6.14 & 6.15), whereas, that of WPI increased. Salt had the opposite effect on heated 
SWP. The viscosity increased with a corresponding increase in the mixture. At 80°C, both 
10% and 11 % (w/v) WPI formed opaque white gels in the presence of salt (Figure 6.15). 
The mixture, (5.5%SWP+5.5%WPI+2°1%NaCl) phase separated. 
50 
40 
c 30 
a 
C 20 
0 
IU 
IO io (10 % +2%NaCl) 11%.. (l l %e±-2ý o NaC1) 
concentration (%w/v) 
L1' SWP (SwP+whey) M whey 
Figure 6.15: Comparison of viscosity of varying concentrations of SWP and Vv1PI with and 
without 2% NaCl at 80°C. SWP+WPI = 50% SWP+50% WPI. 
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Figure 6.16: Comparison of viscosity of varying concentrations of SWP and WPI with and 
without 2% NaCl at 95'OC. S '+ 'I = 50% SWP+50% WPI. 
An increase in temperature from 80"C to 95°C did not cause any changes in SVWP. Whey 
formed stronger opaque white gels in the presence of salt. The mixture in the presence of 
salt precipitated. The mixture without salt gave an apparent viscosity higher than the 
apparent viscosities of the individual proteins (Figure 6.16). 
SOO 
-400 
300 
0 
a 0,0 
1Q, ý'i> {If)¢'r, -1-i). 1 131- SST"<I) 114: (1"1 +, i_I 7ý71C i) 
CornCt-- ntratioii (9 , w/v) 
Figure 6.17: Comparison of viscosity of varying concentrations of SWP and WYPI with and 
without 0.1% NaCl at 95°C. SWP+VV'PI = 50% SWVP+50°fß WPI. 
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When the salt concentration was reduced to 0.1 %, there was no precipitation but a 
substantial increase in the apparent viscosity of WPI was observed (Figure 6.17). Because 
it was not possible to measure the viscosity of the precipitate and the gels formed as a 
result of the high salt concentration, and due to the effect that even small quantities of salt 
have on whey, the experiment was modified to investigate the effect of SWP-WPI 
interaction, without salt, on viscosity (Figure 6.18 and 6.19). WPI was kept constant at 
10% whilst SWP was varied from 14% to 17%. The apparent viscosity of each 
concentration of SWP was compared with 10% WPI and a mixture made from 50% of the 
concentration of SWP and 50% WPI. The viscosity of WPI increased whilst that of SWP 
dropped with an increase in temperature. Keeping the concentration of whey constant and 
varying only SWP indicated whether the interaction observed previously was 
concentration dependent. At 20°C, the viscosity values of all the samples increased with 
increasing concentration (Figure 6.18) as expected. As the temperature was raised to 
95°C, an interaction was observed for the 8%SWP+5%WPI and 8.5%SWP+5%WPI 
samples i. e., the apparent viscosity values of the mixtures were greater than those 
observed for the individual components (Figure 6.19). 
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Figure 6.18: Comparison of viscosity of values of varying mixtures of concentrations of 
SWP and 10%WPI at 20°C. 
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Figure 6.19: Comparison of viscosity of values of varying mixtures of concentrations of 
SWP and 10%WPI at 95°C. 
6.4.3 Phase Separation Studies 
Interaction between SWP and WPI in solution was monitored by selecting solutions of the 
two polymers which had approximately the same viscosity, followed by mixing them in 
various ratios. A departure from the initial common viscosity of the starting solutions was 
taken as evidence of polymer-polymer interaction (Morris, 1983,1984). An increase in 
viscosity was attributed to a synergistic effect whereas a reduction was associated with 
phase separation. The system visibly phase separated with each of the individual 
components forming the continuous surrounding matrix when it was the higher ratio. At a 
certain critical ratio of the system, there was a phase inversion with the continuous phase 
of one component becoming the dispersed phase and vice versa. 
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Figure 6.20: Effect of mixed solutions of SWP with WPI on viscosity at 30°C. 
f denotes the proportion of WPI solution in each mixed system, with J=0 and f= 100%(v/v) 
corresponding, respectively, to the starting solutions of SWP and WPI. 
6.4.4 Dynamic Mechanical Testing 
Small deformation oscillatory measurements were carried out on two samples of different 
%SWP: Whey combinations from the the so]-gel transition region 3, i. e., 4% (w/v) SWP + 
10% (w/v) WPI and 10% (w/v) SWP + 6% (w/v) WPI which proved to have similar 
temperature sweep profiles (Figures 6.21 & 6.22). The gel point for both combinations 
was 87°C. 
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Figure 6.21: Temperature sweep of 4%SWP+10%WPI at I rad/sec. 
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Figure 6.22: Time sweep at 90°C for 10% SWP + 6% WPI at 1 rad/sec. 
Figure 6.22 features the result of two separate procedures. The first was a temperature 
sweep from 50 to 90°C. The second was a time sweep with the temperature held constant 
at 90°C. The use of Global Time axis enabled two such data files to be viewed together. 
10. 
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The gelation point at 87°C is shown together with evidence that the structure continued to 
build following the gel point. 
A second experiment was carried out on varying ratios of SWP/WPI mixtures. Although 
SWP did not gel on its own below 100°C, a system made up of SWP/WPI mixtures were 
made to gel when the conditions suitable for gelling were met. The C0 for WPI was found 
by Kasapis and Manoj to be 5.4 (Link Research Programme, periodic report No. 4,1994). 
The ratio of the mixtures selected was similar to the ones used for the BSA/SWP study 
(chapter 5). From the ratios of the combinations used, the maximum storage modulus at 
90°C was found at a ratio of 8% (v/v) WPI + 4% (v/v) SWP (Figure 6.23). When the 
temperature was held at 90°C for 15 minutes the maximum storage modulus was at a ratio 
of 6% (v/v) WPI + 6% (v/v) SWP and on cooling to 45°C was found to be approximately 
at a ratio of 6% (v/v) WPI + 6% (v/v) SWP (Figure 6.24). The frequency sweeps proved 
all the combinations to be gels. On its own 12% (w/v) SWP did not gel (Figures 6.25 & 
6.26). 
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Figure 6.23: Dependence of the storage modulus at 90°C on varying ratios of WPUSWP 
mixtures. 
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Figure 6.24: Comparison of the storage modulus under three different conditions for 
varying ratios of WPI/SWP mixtures. 
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Figure 6.25: Frequency sweep of 4% (v/v) WPI + 8% (v/v) SWP mixture at 45°C, 30Pa. 
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Figure 6.26: Frequency sweep of 12% (w/v) SWP at 45°C, 1Pa 
Although SWP gelled at room temperature after reduction of disulphide bonds by ß- 
mercaptoethanol, WPI only gelled after heating above 50°C (Figure 6.27). 
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Figure 6.27: Comparison of temperature sweeps for 12% (w/w) SWP and 12% (w/w) 
WPI after treatment with 50p /ml ß-mercaptoethanol. 
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6.4.5 Computer Modelling of ß-Lactoglobulin and a--Lactalbumin 
Figure 6.28 is a ribbon diagram of the secondary structural elements of ß-lactoglobulin 
superimposed on its X-ray crystallographic co-ordinates. The amino acid colours used are 
as follows: 
Asp, Glu = bright red; Cys, Met = yellow; Lys, Arg = blue; Ser, Thr = orange 
Phe, Tyr = mid blue; Mn, Gln = cyan; Gly = light grey; Leu, Val, He = green 
Ala = dark grey; Trp = pink; His = pale blue; Pro = flesh 
Figure 6.28: A ribbon diagram showing secondary structural elements superimposed on 
tertiary structure of ß-lactoglobulin. 
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Figure 6.29: Space filling model of ß-lactoglobulin showing the inaccessibility of cys 121 
to the solvent. 
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Figure 6.30 is a possible model of ß-lactoglobulin dimer. The structure on the left has been 
colour coded to show the secondary structure whilst that on the right shows the amino 
acid sequence. The colour code for the secondary structure are as follows: 
Alpha helix = magenta, Beta sheets = yellow; Turns = pale blue and all other residues are 
coloured white. 
{ 
ý.: 
4 
Figure 6.30: A model of ß-lactoglobulin diner. 
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Figure 6.31: Ribbon diagram of a-lactaibumin showing the two regions of secondary 
structure. The part coded red is dominantly alpha-helix with the yellow coded part being 
beta-sheets. Disulphide bonds are depicted as black dots. 
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Figure 6.32: Space filling model of c, -lac un showing an exposed di 'de bond. 
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V 
Figure 6.33: a-lactalbumin showing locations of disulphide bonds which are colour coded 
as green dots. The alpha-helices are red and beta-sheets yellow. 
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6.4.6 Circular Dichroism (CD) 
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Figure 6.34: CD spectra of 0.5mg/m1 a-laetalbumin at varying temperatures and pH 7. 
The secondary structure of a-lactalbumin at room temperature had a mixture of both a- 
helix and 0-sheet. On heating, there appeared to be a loss in the 0-sheet component, with 
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some structural elements remaining even after heating to 94.3°C. On cooling, the structure 
was not completely reversible. In the aromatic region of the spectra (Figure 6.3 5), there 
was no difference between the absorption by tryptophan at room temperature and at 
94.3°C, whereas the disulphides collapsed on heating. 
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Figure 6.35: Comparison of the CD spectra of 0.5mg/ml a-Lactalbumin at room 
temperature and after heating to 95. °C. 
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6.5 Discussion 
6.5.1 Effect of added salt on gelation properties of SWP: WPI 
SWP is a sodium-salt of a soluble wheat protein isolate (deamidated gluten). When 
hydrated, the protein formed a heterogeneous colloidal dispersion possibly through 
aggregation of protein fractions in the dispersion (chapter 3). The addition of 2%NaCl to 
SWP at 20°C caused a decrease in viscosity (Figure 6.14). This decrease may be due to 
the formation of a diffuse double layer and also to an increase in the dielectric constant of 
the medium (chapter one). The viscosity of WPI, on the other hand, increased in the 
presence of NaCl. This may be due to the fact that salt induces structural changes in ß- 
lactoglobulin and increased its apparent hydrophobicity (Jeyarajah and Allen, 1994). The 
viscosity of SWP, without added salt, decreased when the temperature was increased to 
both 80°C and 95°C (Figures 6.15 and 6.16). The explanation for this phenomenon was 
attributed to the breakdown of the aggregates (chapter 3). Salt on the other hand had the 
opposite effect on the viscosity of SWP at the higher temperatures i. e., an increase in 
viscosity was observed. This might be due to the effect that temperature has on the inverse 
of the Debye-Hückel parameter, thereby, reducing the thickness of the double layer 
(chapter one). In the presence of NaCl at 80°C and 95°C, WPI formed an opaque white 
gel (Figures 6.15 and 6.16). The apparent viscosity studies were undertaken at 10 and 
11% of protein powder concentration with 2% NaCl. The minimum condition for opaque 
white gels to form according to the visual studies were as follows: 
[WPI] >_ 6%, NaCl >_ 0.6% at 70°C. [WPI] >- 6%, NaCl >_ 0.4% at 80°C. 
[WPI] > 5%, NaCl - 0.3% at 95°C. 
(Figures 6.7,6.8, and 6.9). 
Solutions of ß-lactoglobulin (4.4% w/v) formed opaque gels when heated up to 95°C in 
the presence of NaC1(Hegg, 1982). At 95°C the mixtures (5% SWP + 5% WPI and 5.5% 
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SWP + 5.5% WPI) in the presence of salt precipitated. The mixtures without salt gave an 
apparent viscosity higher than the apparent viscosity of the individual protein (Figure 
6.16). The pI of the whey proteins is about 4-5 (Table 6.2). Na' ions would have a 
shielding effect on the proteins, thereby, causing a reduction in repulsion. This is a 
property of salt induced gelation. Whey gels formed without salt were translucent, whilst 
those formed with salt were opaque due to a higher refractive index of the dense salt 
formed aggregates compared to the aggregates formed by the protein molecules in the 
absence of salt. The precipitation of the mixture can be explained on the principle that 
although salt had a shielding effect on the whey proteins and therefore, induced gelation, 
salt on the other hand formed a diffuse double layer in SWP which resulted in a repulsive 
potential. 
6.5.2 Gelation of SWP: WPI in the absence of added salt 
In the absence of salt the mixture's apparent viscosities were found to be greater than that 
of the individual proteins (Figures 6.16,6.17 and 6.19). Since SWP is a sodium salt of a 
protein WWI scavenged part of the sodium ions to induce its own aggregation. Sodium 
ions also reduced the repulsion between WPI and SWP leading to poly-aggregation. This 
effect was concentration dependent as found in Figure 6.19. The viscosity of WPI without 
salt increased with temperature (Figures 6.14,6.15,6.16). The major proteins in whey are 
ß-lactoglobulin and a-lactalbumin. Between 20°C to 65°C ß-lactoglobulin underwent a 
conformational change to produce a partially denatured form (Li et al., 1994), referred to 
by some researchers as a molten globule state (McSwiney et al., 1994). which has the 
secondary structure of the native state. This conformational change led to the exposure of 
the cys-121 which was then able to complex with either another molecule of f 3- 
lactoglobulin or a-lactalbumin when heated to 80°C (Elfagm and Wheelock, 1977,1978a, 
& 1978b). The molten globule state might be a state similar to Figure 6.28 but with beta 
sheet H, which contains cys121, moving to the left and exposing cysl2l. Native ß- 
lactoglobulin has cys l 21 hidden from the solvent as shown in Figure 6.28. Aggregation of 
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ß-lactoglobulin at 20°C to 30°C is most likely to be as shown in Figure 6.30. One end of 
the alpha-helix has two lysine residues which can interact with two glutamic acid residues 
on the other end of another molecule of ß-lactoglobulin and vice versa. The lysines have a 
pKa, value of about 10 and glutamic acid about 4, therefore, both residues will be ionised at 
neutral pH. At temperatures above 60°C when the molecule enters the molten globule 
state, a covalent bond will probably form between two molecules of ß-lactoglobulin 
through their reactive cys 121 as shown in Figure 6.28. In a piece of brilliant work done by 
Batt et al., (1994), on site-directed mutagenesis of ß-lactoglobulin, they found that 
bonding cys l2 l to another engineered cysteine at either positions 132 or 104 increased the 
conformational stability of the protein against thermal denaturation. The protein did not 
polymerise upon heating at 65°C. This strongly supports the theory that the aggregation of 
ß-lactoglobulin at higher temperatures depends to a great extent on the reactivity of 
cys121. In another experiment (Batt et al., 1994) engineered free cysteines at sites 82 and 
40, a distance away from cysl2l, so that disulphide bonds could not be formed. 
Transparent gels with a higher gel strength were formed at lower concentrations with the 
mutant protein than with the wild type. 
When the temperature exceeded 80°C, one or both of the disulphide bonds are likely to 
break exposing cys 106-cys 119 at the top and cys66-cys l 60 at the bottom (Figure 6.28). 
The disulphide bond cys66-cys 160 is likely to break before cys 106-cys 119 since it is more 
exposed to the solvent. It can also be argued that the disulphide bond, cys l 06-cys 119 may 
break first since it is near the cysteine residue, and if that is exposed, then the disulphide 
bond will also automatically be exposed. That bond is between two beta-sheets as 
compared to the cys66-cys 160 which is between a beta-sheet and the random coil tail end 
of the molecule. The bond between the two beta-sheets has less degrees of freedom 
compared to the bond attached to the random coil, therefore in the process of 
conformational change is more likely to break. The reduced sulphydryl groups are the 
most likely sites for the initiation of irreversible denaturation. Disulphide bonds can form 
between molecules of ß-lactoglobulin or with a-lactalbumin as shown in Figure 6.31. 
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There are some discrepancies as to the degree of thermostability of ß-lactoglobulin and 
a-lactalbumin. a-Lactalbumin has always been regarded as the most thermostable whey 
protein and ß-lactoglobulin as thermolabile (Donovan and Mulvihill, 1987). 
DSC measurements showed the Td for a-lactalbumin to be 62°C and that for ß- 
lactoglobulin at 78°C and a second one at about 140°C (de Wit and Klarenbeek, 
1981; 1984). The Td at 140°C was said to be due to a partial stabilisation which occurred 
in ß-lactoglobulin during denaturation near 80°C due to disulphide interchange reactions. 
According to the DSC experiments, it appeared that a-lactalbumin was less stable than 
ß-lactoglobulin. After a repeated run of the samples after cooling it was revealed that the 
denaturation of a-lactalbumin was reversible with a reversibility > 90%, whilst the 
denaturation of ß-lactoglobulin was irreversible. This could be explained by the computer 
models as shown in Figures 6.28 and 6.33. 
ß-Lactoglobulin has two disulphide bonds and a free cysteine. One of the disulphide bonds 
is near the carboxy terminal and connects beta-sheet D to the random coil tail end of the 
protein molecule. The other disulphide bond is hidden from the solvent. The disulphide 
bonds connect beta-sheets together and thereby stabilise the protein. a-Lactalbumin on the 
other hand has four disulphide bonds with no free cysteine. One of the disulphide bonds is 
exposed as shown in Figure 6.32. The other three bonds are hidden in the interior of the 
protein and those close to the surface are masked by hydrophobic groups. The disulphide 
bonds in this case are between alpha-helices and either ß-turns or random coils. 
Comparing alpha-helices and beta-sheets in terms of rigidity, it is obvious that beta-sheets 
are more rigid and brittle with little possibility of any extension. The conditions required to 
reduce the disulphide bonds in both protein will, therefore, be different. It is proposed that 
for the disulphides in a-lactalbumin to break requires an extensive stretching of the alpha- 
helices. On cooling, the alpha-helices return to their original conformation like a spring or 
an elastic band. The reason for the high reversibility of a-lactalbumin is probably due to 
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the fact that not all the disulphides are broken which allows it to pull itself back together 
on cooling. Figure 6.34 show that a-lactalbumin at room temperature has a mixture of 
both a-helices and ß-sheets. On heating, there appears to be a loss in the ß-sheet 
component, with some structural elements remaining even after heating to 94.3°C. The 
structure is not completely reversible on cooling. In the aromatic region (Figure 6.35), 
whereas, the CD of tryptophan does not change on heating, the disulphides collapse into 
the interior. 
6.5.3 Phase separation studies 
The selected protein concentrations for the phase separation studies were 3.5%SWP and 
20%WPI. The limitation on the concentrations that were selected was imposed by the 
viscosity of the individual biopolymers, which had to be matched. If the continuous phase 
accommodates both biopolymers then the system can either be a single phase where the 
viscosity of the mixed system is the same as that of the individual components or a 
synergistic interaction where the mixed system viscosity would be greater than the 
viscosity of the individual biopolymers. On the other hand a reduction in the viscosity of 
the mixed system depicts phase separation with a decrease in the amount of solutes in the 
continuous phase. From Figure 6.20, it can be seen that the system phase separated with 
each of the individual components forming the continuous phase when present in the 
greatest concentration. At a certain critical ratio of SWP: WPI, there was phase inversion 
with the continuous phase of one component becoming the dispersed phase and vice 
versa. 
6.5.4 Dynamic Mechanical measurements 
Using small deformation dynamic oscillation, it was found that the 8%whey+4%SWP 
combination gave the maximum elastic modulus at 90°C (Figure 6.23), and the 6% 
WPI+6% SWP gave a maximum after holding the experiment at 90°C for 15 minutes and 
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also after cooling to 45°C (Figure 6.24). Addition of increasing concentrations of SWP 
increased the elastic modulus of WPI until the ratio of 1: 1.6 to 1: 1 was reached after 
which G' dropped. The explanation for this behaviour may be the same as that given for 
the apparent viscosity studies. Part of the sodium ions associated with SWP were 
scavenged by WPI to induce its gelation. In addition the charge shielding effect of sodium 
on the acidic proteins induced aggregation combined with thermal denaturation of the 
WPI proteins leading to disulphide bond formation between the WPI proteins and SWP 
proteins. Although deamidated gliadins do not have free cysteines, the deamidated 
glutenins have free cysteines which can covalently bond the whey proteins. The gels 
formed were most likely to be phase separated gels (section 1.7) made up of viscous SWP 
sol trapped in WPI gel network. SWP gelled at room temperature when treated with ß- 
mercaptoethanol, but started melting at temperatures above 65°C (Figure 6.27). WPI, on 
the other hand did not gel at room temperature when treated with ß-mercaptoethanol. 
Heating above 50°C was required in order to gel ß-mercaptoethanol treated WPI. This 
was probably due to the fact that ß-lactoglobulin forms a dimer at room temperature 
preventing access to the disulphide bonds by ß-mercaptoethanol. The dimer started to 
dissociate when the temperature was increased above 500C (Georges et al., 1962) giving 
access to the disulphide bonds by ß-mercaptoethanol. Gelation after 50°C was rapid until 
65°C when the reaction became zero order (Figure 6.27). 
6.6 Conclusion 
" The gelation of ß-lactoglobulin influenced the gelation of whey protein. ß- 
lactoglobulin dimers dissociated on heating to give monomers which unfold after 
reduction of disulphide bonds causing the molecules to polymerise through disulphide 
interchange reactions forming a network. 
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" NaCl when added to SWP at room temperature caused a decrease in viscosity due to 
the formation of a diffuse double layer and an increase in the dielectric constant of the 
medium, whereas, the viscosity of WPI increased in the presence of NaCl because salt 
induced structural changes in ß-lactoglobulin with an increase in apparent 
hydrophobicity. 
" Heating of SWP in the presence of NaCl increased the viscosity due to a reduction of 
the Debye-Hückel parameter. 
" WPI gels formed without salt were translucent, whilst those formed with salt were 
opaque due to a higher refractive index of the dense salt formed aggregates compared 
to the aggregates formed by the protein molecules in the absence of salt. 
" SWP interacted with WPI through both an indirect and a direct mechanism. In the 
indirect mechanism, WPI scavenged sodium salts associated with SWP to induce its 
own gelation. In the direct mechanism, disulphide bonds are thought to form between 
WPI and SWP. 
274 
CHAPTER 7 
7.0 INTERACTION OF SWP WITH METALS AND BASIC 
PROTEINS 
7.1 Introduction 
The supersecondary structure prediction (chapter 4) revealed that gliadin and 
deamidated gliadin may possess metal binding capabilities. A study was carried out 
on the interaction of SWP and selected metals to confirm the computer prediction. 
Deamidated soluble wheat protein requires high temperatures of over 100°C for gel 
formation. Since the deamidated gliadins and glutenins in soluble wheat protein have 
a high content of carboxylic groups (36%) (Appendix A), which are negatively 
charged at pH 7.0, it was considered possible to gel SWP by interacting the carboxyl 
groups with basic residues in lysozyme and clupeine. A study was carried out with 
the basic proteins to test this hypothesis. The metal binding studies and the 
interaction between SWP and basic proteins have been grouped together in this 
chapter because although the mechanisms of interaction were found to be different, 
the interaction was between acid groups in SWP and basic groups in lysozyme and 
clupeine and positively charged metal ions. 
7.2 Metal binding studies 
The aim of this study was to ascertain the binding and effect of selected metals on the 
properties of SWP. 
7.2.1 Function 
Metal ions serve a variety of functions in proteins, the most important of which are to 
enhance the structural stability of the protein in the conformation required for 
biological function and / or to take part in the catalytic processes of enzymes. Metal 
inn- 
-- h , ica. l 
in ChnA cvQtems to give the product a certain functionality. For 
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example network formation in alginates is induced in solutions of the sodium salt 
when divalent cations such as Ca2+ are introduced. Another example is the calcium- 
ion-promoted heat coagulation of soya to form tofu (soya curd). 
7.2.2 Binding properties 
The following factors affect the binding of metals to proteins: 
" the co-ordination number of the metal ion; 
" polarizabilities of both the metal ion and the ligand, and 
" the stereochemistry of the resulting arrangement. 
The atoms or groups of atoms that surround a metal ion and which are close enough 
to be chemically bonded are termed ligands (Kauffman et al., 1983). Ligands donate 
an electron pair to the bond and are generally negatively charged or neutral. The 
number of liganding atoms surrounding a central metal ion is termed the coordination 
number of the metal ion. Certain atoms or groups of atoms are polarizable; that is, 
when they are placed in an electric field, there tends to be a charge separation in the 
atom or group so that it acquires a dipole. In general atoms that are more polarizable 
hold on less firmly to their electrons. 
Metal ions, because they are positively charged, act as electrophiles; that is, they seek 
the possibility of sharing electron pairs so that a bond or a charge-charge interaction 
can be formed and electrical neutrality can thereby be attained. In these types of 
interactions, metal ions act like hydrogen ions (i. e. protons), except that they have a 
greater ionic volume and may also have a higher charge. The major metal-binding 
amino acid side chains in proteins are carboxyl (aspartic acid and glutamic acid), 
imidazole (histidine), indole (tryptophan), thiol (cysteine), thioether (methionine), 
hydroxyl (serine, threonine, and tyrosine), and possibly amide groups (asparagine and 
glutamine, although generally via their side-chain carbonyl, rather than amino, 
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groups), (Gurd and Wilcox, 1956; Voet and Voet, 1990). About 65% of the various 
types of amino acid side chains are potential metal-binding groups. 
The binding of a metal ion to a ligand can be considered in terms of Lewis acid-base 
theory (Lewis, 1923; Allred and Rochow, 1958; Brown and Skowron, 1990) because 
in accepting an electron pair, the metal ion acts as a Lewis acid. When a metal ion 
coordinates a ligand, it can affect the electron distribution of the ligand and therefore 
its reactivity. 
A+ :B ---------> A: B 
Metal ion + ligand ---------> metal-ligand complex 
where A= Lewis acid and B= Lewis base. 
A partial donation of electrons from electron-rich :B to electron-poor A results in 
the formation of a metal-ligand complex. The manner in which this partial electron 
transfer occurs depends on the nature of the atoms involved. Atoms that are more 
polarizable hold on less firmly to their electrons. Results of measurements of 
polarizabilities led to the concept of hard and soft acids and bases. The term, hard 
refers to low polarizability, so that the atom or ion is deformed only with difficulty. A 
hard acid (a metal cation), has a high positive charge, a small size, and lacks easily 
excited unshared valence electrons, whereas a soft polarizable metal cation tends to 
have a large size, a small positive charge, and several unshared valence electrons that 
are readily distorted or removed. 
Examples: 
Classification Cation 
++++ 
, 
Mg 
2+ 
Hard H , 
Li 
, 
Na 
,K , 
Mg , 
Ca 
Soft Cu 
+, 
Ag 
+, 
Au 
+, 
Hg 
+, 
Hg 
2+ 
, Cd 
2+ 
Ligand 
H2O, OH , RCOO , 
(mainly oxygen ligands) 
RSH, RS (sulphur ligands) 
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Borderline Zn 2+ Cu2+ Fe 2+ Fe 3+ RNH, 
(mainly nitrogen ligands) 
The general principle put forward by Pearson (1966,1968a, 1968b, 1986), was that 
hard acids prefer to coordinate with hard bases and soft acids prefer to coordinate 
with soft bases. The polarizability of a metal ion provides an indication of its ability to 
donate electrons for is bonding. The greater the polarizability, the greater the 
potential for it bonding. Thus, hard acids bind hard bases by ionic forces, whereas 
soft acids bind soft bases by partially forming covalent bonds (e. g., is bonds). If the 
highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular 
orbitals (LUMOs) have similar energy, there is electron transfer to the donor (ligand) 
from the acceptor (metal ion) and the resulting bond is primarily covalent (soft acid- 
soft base). If the energy difference between the HOMO and LUMO orbitals is large, 
no electron transfer occurs and the interaction between ligand and metal is primarily 
electrostatic (hard acid-hard base). 
The geometry of the position of the hydrogen atom in a carboxyl group has been 
investigated by Rebek et al. (1985,1986). They designed, prepared, and studied 
some compounds in which the carboxylic acid groups, from steric effects caused by 
the rest of the molecule, are obliged to approach each other in a controlled way. Two 
locations for a proton to lie, when attached to a carboxylate group in the directions of 
lone pair electrons, were designated syn and anti. In the syn conformation (Z form) 
the proton was on the same side of the C-O bond as the other C-O bond; this was the 
conformation found when carboxyl groups dimerize by forming two hydrogen bonds. 
On the other hand, hydrogen bonding in the anti conformation (E form) cannot result 
in dimerization. Ab initio studies of formic acid indicated that the syn (Z) 
conformation was more stable than the anti (E) conformation by 4.5 kcal/mol, which 
implied that the syn lone pairs were more basic than the anti lone pairs (Peterson and 
Csizmadia, 1979). Gandour (1981) noted that the carboxylates in active sites of 
enzymes generally employed the more basic syn lone pairs for metal chelation, rather 
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than the less basic anti lone pairs. He estimated that syn protonation was 104 fold 
more favorable than anti protonation. 
anti 
)QsYn 
direct \syr, 
6 
anti 
Figure 7.1: syn and anti lone pairs in carboxyl and carboxylate groups. 
The early work of Alfred Werner (1893) led to the notion of coordination numbers 
and an understanding of the stereochemistries of arrangements of liganding atoms 
(Buckingham, 1973). X-Ray diffraction studies of the crystal structures of inorganic 
salts have shown that ions pack in such a way that there is a local neutralization of 
charge (Wyckoff, and Posnjak, 1921; Goldschmidt, 1929). This means that the 
relative charges and sizes as well as the polarizabilities of ions are important. 
7.2.3 Materials 
Ferrous sulphate (FeS04.7H20), copper sulphate (CuSO4.5H20), zinc sulphate 
(ZnSO4.7H20) and cadmium sulphate (CdSO4) were obtained from Sigma Chemical 
Co. Ltd., Poole, Dorset, UK. SWP was provided by Amylum. The metal standard 
solutions "SpectrosoL" were obtained from BDH Laboratory Supplies, Poole, 
Dorset. 
7.2.4 Method 
Two methods were used in the metal binding studies, method-A (Figure 7.2) and 
method B. In both methods 5% (w/v) SWP solution was prepared in reverse 
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osmosis/deionised water (RO/DI) and 2mM metal salts were used. Method-A was 
made up of procedures 1,2 and 3. The procedures are illustrated in Figure 7.2. 
7.2.4.1 Method-A 
" Procedure- I: 5% (w/v) SWP solution in (RO/DI) was put in a dialysis bag and 
dialysed against a solution of metal salts (Fe2+, Cu2+ and Zn2+) in RO/DI for 24 
hours. 
" Procedure-2: The procedure was the same as procedure-1 except that after 24 
hours dialysis, the dialysis bag was placed in RO/DI for another 24 hours to 
remove unbound ions. 
" Procedure-3: A solution of the protein mixed with the metal salts in RO/DI was 
put into the dialysis bag and then dialysed against RO/DI for 3 days with three 
changes of RO/DI. 
After dialysis, the samples from the three procedures were concentrated with 
polyethylene glycol (aquacide-3) from Calbiochem and oven dried. 
METHcDD-A 
Prot®in(Pr)=5%SWP 
Metals=2mM 
y 2 3 
.......................... ----------- ---- 
a 
Pr Pr 
G 
xl 
24HR --n 
Cue- Cu' 
F FeZn H2O zn+ 2+ 
24HRS 1 3 days and 
------ 
3 changes 
k-U2 
,z 
2-1 
H2U 
24 H RS 
Figure 7.2: Method-A 
280 
7.2.4.2 Method-B. 
In this method the pH of the protein solution in RO/DI plus a metal salt was adjusted 
to 3.7 and titrated back to pH 7. The sample was then dialysed against RO/DI until 
no metal was found in the dialysate. The samples were concentrated in aquacide and 
oven dried. The samples were made up of three controls and four test samples: a 
control of SWP powder (control-1); 5% (w/v) SWP solution dialysed against RO/DI 
(control-2) and 5% (w/v) SWP processed as test samples but without metal salts 
(control-3). The test samples were made up of 5% (w/v) SWP + 2mM metal salt 
(FeSO4.7H20, CuSO4.5H20, ZnSO4.7H20 or CdSO4). 
The dried powder samples from both methods were weighed and approximately 0. ig 
was dissolved in lrnl. concentrated HNO3 and heated at 150°C for 30 minutes. The 
samples were allowed to cool to room temperature after which 0.5ml. of perchioric 
acid was added and re-heated at 250°C for 2 hours. Solutions of the samples and 
standards were analysed by Flame atomic absorption spectrometry. 
7.3 Interaction of SWP with Lysozyme & Clupeine 
7.3.1 Mode of action of Lysozyme 
Lysozyme is an enzyme that destroys certain bacteria by cleaving the polysaccharide 
chains that form part of their cell wall. Without a rigid wall, the bacterium bursts 
because of the osmotic shock produced by the sudden influx of water. Lysozyme was 
the second protein and the first enzyme to have its detailed molecular structure 
worked out by x-ray crystallography ( Blake et al., 1965,1967a & 1967b; Johnson 
and Phillips, 1965; Phillips, 1966 & 1967; Johnson, 1967). Its supersecondary 
structure is the a+J3 type (Figure 7.3) consisting of two domains, an alpha helical (a) 
domain which is made up of residues 1-40 and 101-129 and a beta-pleated (ß) 
domain made up of residues 41-87 separated by a cleft which houses the active site 
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residues. In the a domain the helices are made up of residues 5-15, which is a 
Pauling-Corey a helix; residues 24-34 and 88-96 which have their carbonyl groups 
rotated out from the helix and their NH groups turned in so as to point, not at the 
carbonyl group four residues back, but between the third and fourth carbonyl makes 
the hydrogen bonds an intermediate between those of an a helix and 310 helix. 
Residues 80-85 is a 310 helix which connects the two domains (Figures 7.3 and 7.4). 
The ¢ pleated domain is made up of anti-parallel pleated sheets containing residues 
41-48,49-54 and 58-61 (Figure 7.5). Lysozyme, like the globins have majority of its 
charged groups on the surface and the hydrophobic groups buried in the interior. 
Helices 5-15 and 24-34 have hydrophobic sides that pack against one another in the 
hydrophobic core formed by the first 40 residues. Helix 88-96 also has a hydrophobic 
side that is similarly buried in the bottom of the crevice. In contrast, the ß sheet is 
entirely hydrophilic. 
ACTIVE SITE 
Figure 7.3: Supersecondary structure of Lysozyme 
(a-helices = A, B, C&D; arrows = ß-sheets) 
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The Ramachandran plot of polypeptide chain conformation in lysozyrne show the 
nonpolar, hydrophobic residues to cluster around the helix zone. The uncharged polar 
residues are mostly in the ß configuration, and the charged groups are evenly 
distributed in ß regions and on the exposed sides of helices (Figure 7.6). For the 
enzyme to be able to carry out its function effectively, it needs to hold the substrate in 
a certain conformation which is depicted in Figure 7.7. Rings A, C, and E are N- 
acetylglucosamines (NAGs) with their C3 side chains toward the bottom of the 
crevice. Rings B, D, and F are N-acetylmuramates (NAMs) with their bulky - 
OCH(CH3)COOH groups extending into the solvent. 
The site of catalysis is between D and E. Most of the bonds between lysozyme and its 
substrate are hydrogen bonds. Glutamic acid 35 and aspartic acid 52 are central to 
the action of lysozyme. The side chains of these residues approach the glycosidic link 
closely (about 0.3nm), between the sugar rings D and E. The environment of G1u35 
is non polar (a domain) and so the carboxylic acid group will retain its proton (i. e. in 
the -COOH form). In contrast, Asp52 is in a polar environment and its carboxylic 
acid group will be in the charged form (i. e. -COO-). 
The central steps in the mechanism are illustrated in Figure 7.8. The -COOH group of 
G1u35 donates its proton to the glycosidic oxygen thereby cleaving the bond between 
the Cl of NAM ring D and the glycosidic oxygen. Cl forms a carbonium ion which is 
stabilised by the negative charge on the -COO- of Asp52. Inspection of the crystal 
structure suggested that prior to and during hydrolysis the sugar ring bound at site D 
will not retain its usual chair conformation but will be distorted into a sofa 
arrangement. A water molecule from the surrounding medium provides a hydroxyl 
ion (OH-) to react with the carbonium ion to yield the product for the sugars at sites 
A, B, C and D. At the same time a hydrogen ion (H+) protonates the -COO- group 
of G1u35 to give -COOH. 
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Figure 7.4: The folding of the main chain in chicken lysozyme. 
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7.3.2 Clupeine 
Clupeine is a protamine from herring. Protamines are low molecular weight basic 
proteins which have been found associated with DNA in the sperm head from 
different animal species (Bloch, 1969). Nearly two-thirds of the amino acid residues 
in protamines are basic, and these basic residues are usually found clustered, four or 
five in a sequence. When protamine messenger RNA (n RNA) reaches the cytoplasm, 
the residues are translated by diribosomes. The newly synthesised protamines are 
phosphorylated by ATP in the cytoplasm, catalysed by protamine kinase on serine 
residues. The phosphorylated protamines are transferred into the cell nucleus and 
then into chromatin, where they replace the histones and bind to DNA. During the 
maturation of the sperm heads, the protamine is dephosphorylated, the DNA 
becomes more condensed, and all transcription stops (Warrant and Kim, 1978). The 
genetic information in DNA is completely shut off when protamine binds to DNA. 
Therefore, the role of protamine might be to protect DNA from degradation and to 
keep its structure compact for transfer into egg cells (Felix et al., 1956; Felix, 1960). 
The isoelectric point of most protamines is about twelve (Ando et al., 1973). The 
pK's of dissociable groups in clupeine are as follows: pKi (-COOH) 2.9-3.3; 
pK2 (-NH2) 7.4-8.2; pK3 (guanidino group) above twelve (Hashimoto, 1959). It has 
the form of an ellipsoidal rod, with a width of 13A and 90-1OOA long (Iso et al., 
1954). The protamines have not yet been crystallized but are considered to be 
random coil polypeptide chains, based mainly on CD (Bradbury et al., 1967), and 
NMR (Bonora et al., 1979) studies. Data drived from dark field electron microscopy, 
however, were consistent with a globular shape based on tandem of 
helices 
(Ottensmeyer, 1975). Secondary structure predictions (Cid and Arellano, 1982) on 
fish, avian and mammal protamines suggested a globular conformation where the 
helices were absent and the polypeptide chain was folded by the presence of 
ß-turns. 
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Clupeine is made up of 30 amino acid residues with a molecular weight of 4044. The 
sequence is as follows: 
PRRRTRRASRPVRRRRPRRVSRRRRARRRR 
4 
Figure 7.9: Proposed conformation of clupeine (Arellano et al., 1988). 
7.3.3 Materials and Methods 
7.3.3.1 Visual Assessment of SWP: clupeine and SWP: lysozyme mixtures 
7.3.3.1.1 Materials 
SWP (section 2.1.3). Clupeine and lysozyme were obtained from Sigma Chemical 
Co. Ltd. Poole, Dorset. 
7.3.3.1.2 Sample preparation 
Solutions of SWP in distilled water were prepared between the concentrations of 
10% - 19% (w/v). 0.1 or 0.2% (w/v) clupeine or 0.1 - 0.5% (w/v) 
lysozyme was 
added to the SWP solutions. 
7.3.3.1.3 Method 
The SWP samples with either clupeine or lysozyme were heated at 95°C for 30 
minutes and then allowed to cool in running water to room temperature. A visual 
in section 6.3.1.3. 
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7.3.3.2 Dynamic Mechanical Testing 
The theory related to dynamic mechanical testing has been discussed in section 
3.1.8.1 
7.3.3.2.1 Material 
The materials used were the same as in section 7.3.3.1.1. 
7.3.3.2.2 Method 
SWP (19% powder, 14% protein) was dissolved in distilled water and mixed with 
either (0.1%) lysozyme or clupeine. The samples were tested using small-deformation 
oscillatory measurements on a Carri-Med CS Rheometer 500, using a parallel plate 
geometry of 4cm. diameter. The measurement system gap was set at 5004m and the 
measurement system inertia at 7.110µN. m2. A temperature sweep from 50°C to 90°C 
was made with a torque of 100µN. m and at a frequency of 1.0 Hz. 
7.3.3.3 Phase contrast microscopy 
7.3.3.3.1 Materials 
The materials used were the same as in section 7.3.3.1.1. 
7.3.3.3.2 Method 
A drop of 19% (w/v) SWP samples + 0.1 % lysozyme prepared at room temperature 
and at 60°C for 30 minutes processed as in section 3.2.6.2. 
7.3.3.4 Haematoxylin and Eosin Staining 
7.3.3.4.1 Materials 
The materials used were the same as in section 7.3.3.1.1 
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7.3.3.4.2 Method 
SWP (19%, w/v) samples in the presence of either 0.1% or 0.3% lysozyme were 
prepared at room temperature, heated at 60°C and 80°C for 30 min. and processed as 
in section 3.2.7.2. 
7.3.3.5 Differential Scanning Calorimetry (DSC) 
The theory related to DSC has been discussed in section 3.1.5 
7.3.3.5.1 Materials 
The materials used were the same as in section 7.3.3.1.1 
7.3.3.5.2 Method 
A SWP (10%, w/v) sample in the presence of 1% lysozyme prepared at room 
temperature was scanned between 50°C to 94°C on a Setaram microcalorimeter using 
a sample mass of approx. 0.92g and a scan rate of 0.5 degrees per minute. A 1% 
lysozyme solution was also scanned under the same set of conditions. 
73.3.6 Lysozyme turbidity assay 
The method used was the ultrasensitive enzymatic assay for the quantitative 
determination of lysozyme (Selsted and Martinez, 1980). 
7.3.3.6.1 Materials 
SWP was provided by Amylum. Lysozyme and Micrococcus lysodeikticus cells were 
obtained from Sigma Chemical Co. Ltd. Poole, Dorset. Di-potassium hydrogen 
orthophosphate and potassium dihydrogen orthophosphate were obtained from BDH 
Laboratory Supplies, Poole, Dorset. 
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7.3.3.6.2 Sample preparation 
SWP (0.1%, w/v) samples were prepared with 0.1% Micrococcus lysodeikticus in 
0.05M potassium phosphate buffer at pH 7.4. A concentration of Micrococcus 
lysodeikticus in 0.05M potassium phosphate buffer at pH 7.4 with the same 
absorbance as the reaction mixture was used as a control. 
7.3.3.6.3 Method 
The reaction mixture was made up of the sample with and without 0.1 mg/ml 
lysozyme which was split into two with one half kept at room temperature and the 
other half heated at 80°C for 15 minutes. The samples were incubated at room 
temperature and readings were taken at 7 and 18 hours period intervals on a Kontron 
Uvikron 860 using silica cuvettes of 1 cm path length at an absorbance of 450nm. The 
average reduction in absorbance relative to control was plotted against time of 
incubation. 
7.4 RESULTS 
7.4.1 Metal binding studies 
The results for the two methods (A and B) are shown in Tables 7.1 and 7.2 
Table 7.1: Results for Method-A 
Procedure Iron Copper Zinc 
(99/g) (µg/g) (n/g) 
1 323 692 3218 
2 103 342 1383 
3 276 537 1098 
binding 68 51 57 
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Table 7.2: Results for Method-B 
Iron Copper Zinc Cadmium 
(µg/g) (µgIg) (99/9) (99/9) 
Test 1126 1799 1736 9439 
Control-1 37 8 39 0 
Control-2 31 8 39 0 
Control-3 31 8 24 0 
7.4.2 Interaction of SWP and lysozyme and clupeine 
7.4. Z. I Visual Assessment of SWP. clupeine and SWP: lysozyme mixtures 
Visual assessment showed that although 19% (w/v) SWP prepared in distilled water 
did not gel below 100°C, in the presence of 0.1 % clupeine or lysozyme, SWP gelled 
at 95°C (Figures 7.10 and 7.11). 
Figure 7.10: Effect of varying concentrations of clupeine on SWP at 95°C. 
SWP % (w/v) CLUPEINE 
0.1 0.2 
12 liquid 
13 liquid 
14 liquid 
15 ----º ý---- liquid 04 - highly viscous liquid 
16 ----º 4 ----- liquid 04 - highly viscous liquid 
17 semi-gel 
18 semi-gel 
19 GEL 
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Figure 7.11: Effect of varying concentrations of lysozyme on SWP at 95°C. 
SWP % (w/v) LYSOZYME % 
0.1 0.2 0.3 0.4 0.5 
12 liquid 01 
13 liquid 
14 viscous liquid 
15 highly viscous liquid 
16 semi-gel 
17 4 semi-gel 
18 semi-gel 
19 4 GEL 
7.4.2.2 Dynamic Mechanical Testing 
Further studies using dynamic oscillatory measurements for a 19% (w/v) SWP with 
either 0.1 % Lysozyme or 0.1 % Clupeine at 1 Hz and 100 micro N. m. proved that the 
gelation point was 80.7°C for SWP-Clupeine and 80.5°C for SWP-Lysozyme (Figure 
7.12). 
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7.4.2.3 DSC 
The denaturation temperature of lysozyme was found to be about 74°C from DSC 
measurements (Figure 7.13). This denaturation of lysozyme was not observed when 
mixed with SWP (Figure 7.14) which does not denature below 94°C (Figure 3.28). 
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Figure 7.13: DSC thermogram of 1% lysozyme at a scanning rate of 0.5°C/min and 
pH 7.0. 
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Figure 7.14: DSC thermogram of 10% SWP (w/v) + 1% lysozyme at a scanning rate 
of 0.5°C/min. at pH 7.0. 
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7.4. Z. 4 Phase contrast microscopy 
The hydration of 19% (w/v) SWP in distilled water pH 7.0 in the presence of 0.1 % 
lysozyme at room temperature is shown in Plate 7.1 and when heated at 60°C in Plate 
7.2. A solution of 0.3% lysozyme in distilled water is shown in Plate 7.3. 
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Plate 7.1: Phase contrast micrograph of 19% (w/v) SWP solution in the presence of 
0.1 % lysozyme at room temperature and pH 7.0. 
Plate 7.2: Phase contrast micrograph of 19% (w/v) SWP solution in the presence of 
%'ý, oz-yme at room 60°C and pH 7.0, 
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Plate 7.3: Phase contrast micrograph of 0.1 % lysozyme solution at room temperature 
and pH 7.0. 
7.4.2.5 Haematoxylin and Eosin Staining 
Plate 7.4 shows the commencement of structure formation as 19% (w/v) SWP 
solution was heated at 60°C in the presence of 0.1 % lysozyme and Plate 7.5 shows a 
gel structure as the mixture was heated at 80°C. 
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Plate 7.4: A photomicrograph of 19% (w/v) SWP solution heated at 60°C in the 
presence of 0.1 % lysozyme and stained with haematoxylin and eosin. 
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Plate 7.5: A photomicrograph of 19% (w/v) SWP solution heated at 80°C in the 
presence of 0.1% lysozyme and stained with haematoxylin and eosin. 
7.4. Z. 6 Lysozyme turbidity assay 
This assay measures lysozyme's lytic activity against Micrococcus lysodeikticus. As 
lysozyme lyses the bacterial cell wall, turbidity decreases. In Figure 7.15 it can be 
seen that lysozyme was active at room temperature but was deactivated at 80°C 
whilst in the presence of SWP, lysozyme was found to be active at 80°C (Figure 
7.16). 
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Figure 7.15: Comparison of the lytic activity of lysozyme at room temperature and 
at 80°C. 
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Figure 7.16: Effect of SWP on the lytic activity of lysozyme at room temperature and 
at 80°C. 
7.5 DISCUSSION 
7.5.1 Metal binding studies 
Two different methods were used in the metal binding studies. Method-A was 
designed to find out how the metals compete for sites on the protein and which of the 
metals has the highest affinity for the protein. Although zinc displaced most of the 
other metals, it was also easily removed. The percentage of binding revealed iron to 
have a higher affinity for SWP than copper or zinc. 
Method-B was based on the assuption that SWP might already have some of its sites 
bound by metals like sodium, potassium, calcium etc. These bound metals may 
prevent the test metal from binding to SWP. Taking the mixture of protein and metal 
salt to pH 3.7 removed all cations from the protein. Slowly titrating back to pH 7.0 
allowed the test metal access to all sites including those that were occupied initially. 
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In Method-A, only essential metals were tested, whereas, in Method-B cadmium, a 
toxic metal was also included in the experiment. SWP proved to have very high 
affinity for cadmium. 
SWP is made up of deamidated gliadin and glutenin. The gliadins are monomers with 
either no disulphide bonds ((o-gliadins) or intrachain disulphide bonds (a/ß, and y- 
gliadins). The disulphide bonds in gliadin are hidden from the solvent in the 
hydrophobic core of the protein (Figure 3.31). It has been shown previously that in 
order to reduce the disulphide bonds of gliadin with sulphite or ß-mercaptoethanol, 
the molecule had to be partially unfolded by denaturation agents such as urea, to 
ensure accessibility of disulphide bonds (Beckwith and Wall, 1966; Stevens, 1973). 
Therefore, in this study it is envisaged that the binding of iron, copper and zinc to 
deamidated gliadin in SWP was via an electrostatic interaction between the 
carboxylic groups on glutamic and aspartic acid side chains which were exposed to 
the solvent. In contrast, the glutenins consists of individual subunits that form 
polymers stabilised by interchain disulphide bonds which are easily accessible by the 
solvent. Cadmium is a soft cation which would preferably bond covalently to sulphur 
ligands on the deamidated glutenins in SWP. This was probably the case as cadmium 
could not be removed because it was covalently bound and resulted in a high binding 
value for cadmium compared to the other metals. In contrast zinc was easily removed 
by dialysis probably because both gliadin and glutenin have very low amounts of 
histidine which has an affinity for zinc. 
The carboxyl groups on the deamidated gliadin have one negative charge delocalized 
within it, and each oxygen atom has two lone pairs disposed at 120° to its C-O bond 
and in the plane of the carboxyl group. Which lone pair of each oxygen atom in a 
carboxylate group is preferred for metal ion binding? As pointed out in section 7.2.2 
means that when the proteins in SWP bind any of the metals studied through its 
carboxyl groups the metal cation would generally lie in the plane of the carboxyl 
group. How many ligands can pack around a metal ion? The answer depends on the 
relative sizes of the metal ion and liganding atom. The most common coordination 
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number for the metals used in the experiment derived from the Cambridge Structural 
Database were: 
Fe = 6; Cu = mainly 4 but also 5; Zn = 4; and Cd = 6. 
The kind of bonds that might be formed between SWP and the metals according to 
the coordination numbers found is more likely to be octahedron or trigonal 
biprismatic for iron and cadmium, tetrahedral or square planar for copper and zinc 
and trigonal bipyramidal or square pyramidal for some of the copper. After examining 
the metal binding sites in proteins deposited at the Cambridge Structural Database, 
Yamashita et al. (1990) suggested that metals are ligated by a shell of hydrophilic 
atomic groups (containing oxygen, nitrogen, or sulphur atoms) and this hydrophilic 
shell is embedded within a larger shell of hydrophobic atomic groups. That is, metals 
bind at centres of high hydrophobicity contrast. 
7.5.2 Interaction of SWP with lysozyme and clupeine 
Addition of a small amount of clupeine or lysozyme (0.1%) led to the gelation of 
19% (w/v) SWP dispersion in water at 80°C which otherwise would not gel on its 
own below IO0°C (Figures 7.10,7.11 and 7.12). Although lysozyme was found to 
denature at a temperature of 74°C (Figure 7.13), in presence of SWP no 
conformational change was observed up to 94°C (Figure 7.14). It was hypothesized 
that SWP might be protecting lysozyme from denaturation. The lysozyme turbidity 
assay was designed to test the hypothesis. Heating lysozyme at 80°C for 15 minutes 
deactivated the enzyme (Figure 7.15) whereas in the presence of SWP, heating did 
not affect lysozyme's lytic activity (Figure 7.16). It is being proposed, therefore, that 
SWP protects lysozyme from heat denaturation. 
In the lysozyme-induced gelation it is proposed that electrostatic interactions 
occurred between the positively charged lysozyme residues and the negatively 
charged residues in soluble wheat proteins. On heating to 80°C the electrostatic 
interactions promoted gelation in the presence of only 0.1% lysozyme by forming 
clusters of mainly gliadin molecules which then formed a network structure with the 
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partially deamidated glutenins. The initiation of this network structure was discernible 
at 600C (Plates 7.2 and 7.4) and was a fully formed gel at 80°C (Plate 7.5). 
7.6 CONCLUSIONS 
" SWP binds metals (iron, copper, zinc and cadmium) with a very high affinity for 
cadmium and, therefore, has a potential as a detoxifying agent. 
" The gelation of SWP can be induced with basic proteins such as lysozyme and 
clupeine at temperatures lower (80°C) than required to gel it on its own (105°C). 
" SWP protected lysozyme from heat denaturation. 
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ICHAPTER 8 
8.0 GENERAL DISCUSSION AND CONCLUSIONS 
8.1 General Discussion 
A model structure has been proposed for gliadin and deamidated gliadin based on the 
results from chapters 3 and 4. Molecules of gliadin which are not spherical in shape 
aggregated through hydrogen bonding to form a unit with a diameter of 32nm. 
Formation of the unit caused exposure of hydrophobic groups making it insoluble in 
water. This unit then aggregated with other units through hydrophobic interactions to 
form large aggregates (Figure 8.1). It is being proposed that this might be a mechanism 
that nature uses to store proteins so that they do not dissolve and diffuse away from their 
storage site. Deamidation of the gliadin molecule changed the glutamine residues to 
glutamic acid which caused electrostatic repulsion between the molecules. The hydrogen 
bonding holding the molecules together in gliadin was replaced by electrostatic repulsion 
which caused deamidated gliadin to aggregate through hydrophobic interaction exposing 
carboxyl groups making the deamidated gliadins soluble in water (Figure 8.2). 
The addition of ß-mercaptoethanol to deamidated gliadin caused a reduction of the 
disulphide bonds with the exposure of cys-299 and cys-307 which subsequently formed 
disulphide bonds with other deamidated gliadin molecules. In the presence of both ß- 
mercaptoethanol and urea, the whole molecule unfolded and fibrils of 343nm thickness 
were formed. 
Below 16, % (w/v) concentration the viscosity of SWP decreased with an increase in 
temperature (Figure 3.25). In addition, exposed hydrophobicity showed greater values 
than surface hydrophobicity (Figure 3.27). The large aggregates of SWP 
formed on 
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hydration at room temperature (Plates 3.22 and 3.24) were attributed to polymerisation 
and interactions between the glutenin fraction (Figure 2.9). The reason for the reduction 
in viscosity on heating was caused by the breakdown of aggregates, which was observed 
by microscopy (Plates 3.23 and 3.25). Further evidence by differential scanning 
calorimetry (DSC) indicated that there was an absence of conformational transition 
during the heating of SWP proteins (Figure 3.28). This stability can be attributed to 
intra-disulphide bonds in deamidated gliadins and both intra- and inter-disulphide bonds 
in deamidated glutenins. A reduction of the disulphide bonds by ß-mercaptoethanol 
promoted the gelation of SWP at room temperature (Figure 3.35) which otherwise 
would not gel (Figure 3.34). 
The addition of 2% NaCl to SWP at 20°C caused a decrease in viscosity (Figure 6.14). 
This decrease was proposed to be due to the formation of a diffuse double layer and also 
to an increase in the dielectric constant of the medium. 
Small quantities of SWP (1%0) caused a major increase in the storage modulus of BSA 
(Figure 5.17). It is proposed that SWP electrostatically interacted with domain III of 
BSA which can be saturated. Above the critical value at which saturation of domain III 
occurs, the elastic modulus decreased because of repulsion between SWP and negatively 
charged domains I and II. 
In the absence of salt, 50% SWP/WPI mixtures were found to have greater apparent 
viscosities than the individual proteins (Figures 6.16,6.17 and 6.19). It was proposed 
that since SWP is a sodium salt of a protein, WPI scavenged part of the sodium ions to 
induce its own aggregation and the shielding effect of sodium ions also helped to reduce 
the repulsion between WPI and SWP leading to aggregation. The gels formed in the 
SWP/WPI system at 95°C are most likely to be phase separated gels made up of viscous 
SWP sol trapped in WPI gel network. 
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The addition of small amounts of basic proteins like clupeine or lysozyme (0.1 %) led to 
the gelation of 19% (w/v) SWP aqueous dispersion at 80°C. SWP on its own, normally 
gels above 105°C. The lysozyme-induced gelation was proposed to be electrostatic in 
nature involving proteins which did not unfold prior to gelation (Figure 8.3). SWP was 
found to protect lysozyme from heat induced denaturation and, therefore, could be 
useful in the preservation of products to which lysozyme has been added as an anti- 
bacterial agent. 
SWP was found to bind iron, copper, zinc and cadmium. The highest affinity was found 
to be for cadmium. 
8.2 Conclusions 
In any broad, applied area like Food Science and Technology, an integrated approach 
comprising several techniques is required to investigate complex systems. With this in 
mind, the problem of solving the mechanisms of interaction of the selected systems was 
attacked from different angles using different techniques. The findings using this 
approach are listed as follows: 
" Molecules of gliadin (with a radius of gyration of 32A) which are not spherical in 
shape aggregated to a compact spherical form of diameter 32nm, which can be called 
a unit. This unit then aggregated with other units to form massive aggregates. 
" Although gliadin was soluble in 50-70% ethyl alcohol, the solvent was partitioned 
into an inner layer of alcohol around the gliadin molecule with an outer 
layer of 
water. 
" Deamidated gliadin was found to be very stable between 50-94°C. 
Although there 
were changes in the secondary structural elements upon 
heating, the changes were 
reversible on cooling. 
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" The disulphide bonds in both gliadin and deamidated gliadin were found to be in the 
interior of the protein. 
" Although SWP did not gel below 100°C, reduction of the disulphide bonds with ß- 
mercaptoethanol promoted the gelation of SWP at room temperature. 
" SWP aggregated at room temperature when hydrated through hydrophobic 
interactions which were broken on heating at 60°C. 
9 Below 3% (w/v), SA'P was found to be Newtonian whereas it was shear thinning 
above 3% (w/v). The intrinsic viscosity of SWP was found to be 0.9 cm-g". 
9A sequence in gliadin responsible for coeliac disease was not found in deamidated 
gliadin; therefore, it is possible that SWP may not be associated with the disease. 
" The secondary structure prediction showed that deamidation caused an increase in a- 
helix but a decrease in a-sheet content of gliadin. 
"A possible metal binding function was predicted by the supersecondary structure 
prediction method. 
" BSA gelation is mainly due to the presence of a reactive cys34. 
" Although SWP did not form a gel at 90°C, it enhanced the gelation of BSA when 
added in small quantities (BSA: SWP ratio 11: 1). 
" The mechanism of SWP - BSA interaction was considered to be electrostatic, 
between SVA. ' carboxyl groups and basic groups on BSA and hydrophobic 
interaction between exposed hydrophobic residues. 
" Partial unfolding of BSA prior to heating gave stronger gels. 
" The gelation of ß-lactoglohulin influenced the gelation of Bipro whey protein isolate. 
ß-Lactoglobulin dinners dissociated on heating to give monomers which unfolded 
after a reduction of disulphide bonds causing the molecules to polymerise through 
disulphide interchange reactions thus forming a network. 
" NaCl when added to SWP at room temperature caused a decrease in viscosity due to 
the formation of a diffuse double layer and an increase in the dielectric constant of 
the medium, whereas, the viscosity of WPI increased in the presence of NaCl 
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because salt induced structural changes in ß-Iactoglobulin with an increase in 
apparent hydrophobicity. 
" Heating of SWP in the presence of NaCl increased the viscosity due to a reduction of 
the Debye-Hückel parameter. 
" WPI gels formed in the absence of salt were translucent, whilst those formed with 
salt were opaque due to a higher refractive index of the dense salt-formed 
aggregates. 
9 SWP interacted with WPI through both an indirect and a direct mechanism. In the 
indirect mechanism, WPI scavenged sodium salts associated with SWP to induce its 
own gelation. In the direct mechanism, disulphide bonds are thought to form between 
WPI and SWP on heating at 95°C. 
" SWP binds metals (iron, copper, zinc and cadmium) with a very high affinity for 
cadmium and, therefore, has a potential as a detoxifying agent. 
" The gelation of SWP can be induced with basic proteins such as lysozyme and 
clupeine at temperatures lower than (80°C) those required for SWP to gel on its own 
(105°C). 
" SWP protected lysozyrne from heat denaturation. 
8.3 Future work 
" Investigation of the number of molecules and the forces involved in the formation of 
the gliadin unit and why hydrogen bonding was preferred to hydrophobic interaction. 
" What is the difference between the enthalpy of hydrogen bonding between glutamine 
residues and between Blutamine residues and water molecules and conditions which 
give one preference over the other? 
" Analysis of the structure and function of protein motifs found in section 4.6.2. 
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"A study to determine the number and location of binding sites in deamidated gliadin 
and deamidated glutenin for specific metals and the effect of metal binding on the 
structure of the protein molecules. 
" Effect of various metals on SWP gelation. 
" Contrast variation studies of gliadin and deamidated gliadin using deuterated alcohol. 
" Purification of deamidated gliadin. 
" Production of polyclonal antibodies against deamidated gliadin and deamidated 
glutenin. 
" The use of fluorescent, radioactive or gold labeled antibodies to locate lysozyme, 
deamidated gliadin and deamidated glutenin in lysozyme induced gelation of SWP. 
" Toxicity studies of SWP. 
" Phase contrast and electron microscopy studies of SWP/BSA mixtures. 
" Use of neutron scattering to study the interaction of SWP and lysozyme under 
varying temperatures and the gelation of SWP above 100°C. 
" The use of confocal microscopy to elucidate the mechanism of gelation of 
SWP/BSA, SWP/WPI and SWP/Lysozyme. 
" Use of temperature controlled phase contrast microscopy to study the kinetics of 
gelation of SWP/lysozyme, SWPIBSA and SWP/WPI. 
" Modelling of SWP/WPI, SWP/BSA and SWPilysozyme gelation 
by ffactal and 
percolation theory. 
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IIAPPENDIX 
A 
Figure A- 1: Classification of the various proteins in gluten. 
CODE TITLE MOL. WT. RESIDUES Date sequence created 
Gliadins 
a/ß 
GDAO 32911 286 1986 
GDA1 Class A-I 30369 262 1987 
GDA2 Class A-II 33623 291 1987 
GDA3 Class A-III 32200 282 1987 
GDA4 Class A-IV 34200 297 1987 
GDA5 Class AN 36625 319 1987 
GDA9 MNII 35357 307 1990 
7 
GDB 1 Class B-I 34213 304 1987 
GDB2 37080 327 1988 
GDBB Class B 32929 291 1988 
GDBX 34261 302 1991 
W 
GDO 3339 28 1986 
Glutenins 
LMW subunits 
GLTB IDI 34888 307 1989 
GLTA 40974 356 1989 
GLTC 33341 295 1990 
S2085 durum wheat 32140 285 1992 
HMW subunit 
S18733 1By9 75620 705 1987 
GLT3 12 70791 660 1988 
GLT4 PW212 89078 838 1988 
GLTO 1 Dy 10 69554 648 1989 
GLT5 1 Dx5 90196 848 1989 
A30843 1Bx7 84547 789 1989 
B30843 lAx2 88381 815 1989 
S15720 lAxl 89723 830 1991 
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Figure A-2: Residues in Gliadin 
A E K P T C G E Q V D H M R W E I N S Y 
a/ß 
GDAO 11 12 2 41 9 6 7 28 90 14 1 6 3 5 1 5 15 7 14 9 
GDA1 9 9 4 36 6 4 5 24 92 14 1 6 2 5 1 5 13 5 14 7 
GDA2 12 13 1 42 9 6 7 23 96 14 1 9 2 5 1 6 15 7 13 9 
GDA3 14 11 1 43 10 6 5 20 88 14 1 8 3 4 0 5 14 7 18 10 
GDA4 12 11 2 43 8 7 7 21 102 16 1 5 3 6 1 4 16 6 16 10 
GDA5 16 11 2 44 10 6 4 27 120 14 1 6 3 3 0 4 15 7 18 8 
GDA9 12 10 2 48 7 6 7 25 105 16 1 4 2 6 1 5 16 6 16 12 
7 
GDB1 14 13 2 33 10 8 11 24 97 20 0 3 6 6 2 6 14 2 29 4 
GDB2 12 15 3 54 10 7 10 26 109 14 3 4 6 4 3 3 21 4 18 1 
GDBB 12 13 4 44 9 8 8 24 88 15 2 4 6 4 2 3 20 4 18 3 
GDBX 13 16 3 50 14 9 8 21 90 12 4 7 7 4 1 2 18 7 13 3 
w 
GDO 1 0 0 6 0 0 0 3 9 0 1 0 0 1 0 1 0 1 2 3 
Figure A-3: Residues in Glutenin 
AFKPTCGLQVDHMRWEINSY 
BMW 
lAxl 25 2 6 98 28 4 146 44 282 17 6 4 2 20 9 24 4 0 60 49 
Axt 24 2 7 95 28 4 140 43 275 17 6 4 2 21 9 24 4 0 61 49 
Bx7 31 4 6 93 28 4 143 26 261 16 4 4 3 17 8 14 5 0 68 54 
lBy9 25 3 7 68 25 7 129 34 233 21 4 11 4 17 4 15 10 2 48 38 
DX5 30 3 7 109 25 5 166 40 299 21 4 4 3 11 9 15 4 0 47 46 
PW212 29 3 7 107 25 4 164 41 292 21 4 4 3 10 9 16 4 0 49 46 
12 30 3 9 69 25 7 116 29 211 19 4 13 5 13 6 17 8 0 42 34 
DY10 29 3 8 69 26 7 113 28 206 20 4 13 4 14 6 17 5 0 
42 34 
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LMW 
A F K P T C GL Q V D H M R W E I N S Y 
GLTB 14 14 2 39 11 8 9 27 97 18 0 3 7 8 2 5 15 2 22 4 
GLTC 11 13 2 33 13 8 10 30 86 21 1 4 7 6 1 6 12 3 23 5 
GLTA 15 18 2 46 9 8 7 22 137 15 0 4 6 8 0 4 18 3 28 6 
S20853 11 12 2 34 12 8 9 23 89 16 2 3 6 6 2 4 14 2 27 3 
Figure A-4: H omology of high molecu lar weight gl utenins 
Penalty: 40 
Code Title 
[1] B30843 Glutenin high molecular weight chain Axt. [2] S15720 Glutenin high molecular weight chain lAxi. [3] GLT4 Glutenin high molecular weight subunit PW212. [4] GLT5 Glutenin high molecular weight subunit DX5. 
[5] A30843 Glutenin high molecular weight chain Bx7. 
[6] GLTO Glutenin high molecular weight subunit DY10. 
[7] GLT3 Glutenin high molecular weight subunit 12. 
[8] S18733 Glutenin high molecular weight chain 1By9. 
[1] MTKRLVLFAAVVVALVALTAAEGEASGQLQCER --- ELQEHSLKACRQVV 
[2] MTKRLVLFAAVVVALVALTAAEGEASGQLQCER---ELQEHSLKACRQVV 
[3] MAKRLVLFVAV VALVALTVAEGEASEQLQCERELQELQERELKACQQVM 
[4] MAKRLVLFVAVVVALVALTVAEGEASEQLQCERELQELQERELKACQQVM 
[5] MAKRLVLFAAVVVALVALTAAEGEASGQLQC -------- EHELEACQQVV 
[6] MAKRLVLFAAVVIALVALTTAEGEASRQLQCER---ELQESSLEACRQVV 
[7] MAKRLVLFAAVVIALVALTTAEGEASRQLQCER---ELQESSLEACRQVV 
[8] MAKRLVLFATVVITLVALTAAEGEASRQLQCER---ELQESSLEACRQVV 
0010 0020 0030 0040 0050 
[1] D------------------ QQLRDVSPECQPVGGGPVARQYEQQVVVPPK 
[2] D------------------QQLRDVSPECQPVGGGPVARQYEQQVVVPPK 
[3] D------------------ QQL. RDISPECHPVVVSPVAGQYEQQIVV-PK 
[4] D------------------ QQLRDISPECHPVVVSPVAGQYEQQIVVPPK 
[5] D------------------ QQLRDVSPGCRPITVSPGTRQYEQQPVVPSK 
[6] DQQLAGRLPWSTGLQMRCCQQLRDVSAKCRSVAVSQVARQYEQT-VVPPK 
[7] DQQLAGRLPWSTGLQMRCCQQLRDVSAKCRSVAVSQVARQYEQT-VVPPK 
[8] DQQLAGRLPWSTGLQMRCCQQLRDVSAKCRPVAVSQVVRQYEQT-VVPPK 
0060 0070 0080 0090 0100 
356 
[1] GGSFYPGETTPPQQLQQSILWGIPA-LLRRYYLSVTSPQQVSYYPGQASS 
[2] GGSFYPGETTPPQQLQQSILWGIPA-LLRRYYLSVTSPQQVSYYPGQASS 
[3] GGSFYPGETTPPQQLQQRIFWGIPA-LLKRYYPSVTSPQQVSYYPGQASP 
[4] GGSFYPGETTPPQQLQQRIFWGIPA-LLKRYYPSVTCPQQVSYYPGQASP 
[5] AGSFYPSETTPSQQLQQMIFWGIPA-LLRR. YYPSVTSSQQGSYYPGQASP [6] GGSFYPGETTPLQQLQQGIFWGTSSQTVQGYYPGVTSPRQGSYYPGQASP 
[7] GGSFYPGETTPLQQLQQGIFWGTSSQTVQGYYPSVTSPRQGSYYPGQASP 
[8] GGSFYPGETTPLQQLQQVIFWGTSSQTVQGYYPSVSSPQQGPYYPGQASP 
0110 0120 0130 0140 0150 
[1J QR------ P------ GQG--------- QQEYYLT--------------- S [2] QRPGQGQQP------ GQG--------- QQEYYLT--------------- 5 [3] QRPGQGQQPGQGQQSGQG--------- QQGYYPT--------------- S 
[4] QRPGQGQQP------ GQG--------- QQGYYPT--------------- S 
[51 QQSGQGQQPGQEQQPGQGQQDQQPGQRQQGYYPT---------------S 
[6] QQPGQGQQPGKWQEPGQG--------- QQWYYPT--------------- S 
[7] QQPGQGQQPGKWQEPGQG--------- QQWYYPT--------------- S 
[8] QQPGQGQQPGKWQELGQG--------- QQGYYPTSLHQSGQGQQGYYPSS 
0160 0170 0180 0190 0200 
[1] PQQSGQWQQPGQGQSGYYPTSPQQSGQKQPGYYPTSPWQPEQLQQPTQGQ 
[2] PQQSGQWQQPGQGQAGYYPTSPQQSGQEQPGYYPTSPWQPEQLQQPTQGQ 
[3] PQQPGQWQQPEQGQPGYYPTSPQQPG---------------QLQQPAQG- 
[4] PQQPGQWQQPEQGQPRYYPTSPQQSG--------------- QLQQPAQG- 
[5] PQQPGQGQQLGQGQPGYYPTS-QQPGQKQ---------QAGQGQQSGQGQ 
[6] LQQPGQGQQIGKGQQGYYPTSLQQP------------------------- 
[7] LQQPGQGQQIGKGKQGYYPTSLQQPG------------------------ 
[8] LQQPGQGQQIGQGQQGYYPTSLQQPG------------------------ 
0210 0220 0230 0240 0250 
[1] QRQQPGQGQQLRQGQQGQQSGQGQPRYYPTSSQ-QPGQLQQLAQGQQGQQ 
[2] QRQQPGQGQQLRQGQQGQQSGQGQPRYYPTSSQ-QPGQLQQLAQGQQGQQ 
[3] --QQPG------ QGQQGRQPGQGQPGYYPTSSQLQPGQLQQPAQGQQGQQ 
[4] --QQPG------ QGQQGQQPGQGQPGYYPTSSQLQPGQLQQPAQGQQGQQ 
[5] QGYYPTSPQ---QSGQGQQPGQGQPGYYPTSPQ-QSGQW--------- QQ 
[6] -__-__-____-_-------.. GQGQQGYYPTSLQ-HTGQRQQPV------ 
Q 
[7] ---------------QGQQIGQGQQGYYPTSPQ-HTGQRQQPVQGQQIGQ 
[8] ---------------QGQQIGQGQQGYYPTSPQ-HPGQRQQPGQGQQIGQ 
0260 0270 0280 0290 0300 
[1] PERGQQGQQSGQGQQLGQGQQGQQPGQKQQSGQGQQGYYPISPQQ --- 
LG 
[2] PERGQQGQQSGQGQQLGQGQQGQQPGQRQQSGQGQQGYYPISPQQ---LG 
[3] PGQGQQGQQPGQGQQPGQGQQGQQPGQGQQPGQGQQGQQLGQCQQGYYPT 
[4] PGQAQQGQQPGQGQQPGQGQQGQQPGQGQQPGQGQQGQQLGQGQQGYYPT 
[5] PG--- QGQQPGQGQQSGQGQQGQQPGQGQRPGQGQQGYYPISPQQ---PG 
[6] GQQP -r--r EQGQQPGQ`+1QQGYYPTSPQQLGQGQQ------"-----PR 
[7] GQQP------ EQGQQPGQWQQGYYPTSPQQLGQGQQ ------------ 
PG 
[8] GQQLGQGRQIGQGQQSGQGQQGYYPTSPQQLGQGQQ------------ 
PG 
0310 0320 0330 0340 
0350 
357 
[1] QGQQSGQGQLGYYPTSPQQSGQGQSGYYPTSAQQPGQLQQSTQEQQLGQE 
[2] QGQQSGQGQLGYYPTSPQQSGQGQSGYYPTSAQQPGQLQQSTQEQQLGQE 
[3] SLQQSGQGQPGYYPTSLQQLGQGQSGYYPTSPQQPGQGQ---QPGQLQQP 
[4] SLQQSGQGQPGYYPTSLQQLGQGQSGYYPTSPQQPGQGQ 
--- QPGQLQQP [5] QGQQSGQGQPGYYPTSLRQPGQWQQ---PGQGQQPGQGQ------ QGQQP 
[6] QWQQSGQGQQGHYPTSLQQPGQGQQGHYLASQQQPGQGQ------ QGHYP 
[7] QWQQSGQGQQGHYPTSLQQPGQGQQGHYLASQQQPAQGQ------ QGHYP 
[8] QWQQSGQGQQGYYPTSQQQPGQGQQGQYPASQQQPGQGQ------ QGQYP 
---- ====I=_ -- ==I_=-_--I- -_____=I -- - 0360 0370 0380 0390 0400 
[1] QQDQQSGQGRQGQQSGQRQQDQQSGQGQQPGQRQPGYYSTSPQQLGQGQP 
[2] QQDQQSGQGRQGQQSGQRQQDQQSGQGQQPGQRQPGYYSTSPQQLGQGQP 
[3] AQGQQPEQGQQGQQPGQGQQGQQPGQGQQPGQGQPGYYPTSPQQSGQGQP 
[4] AQGQQPGQGQQGQQPGQGQQGQQPGQGQQPGQGQPGYYPTSPQQSGQGQP 
[5] GQGQQSGQGQQGYYP---TSLQQPGQGQQLGQGQPGYYPTS-QQSEQG-- 
[6] ASQQQPGQGQQGHYP---ASQQQPGQGQQ------ GHYPASQQEPGQGQQ 
[7] ASQQQPGQGQQGHYP---ASQQQPGQGQQ------GHYPASQQEPGQGQQ 
[8] ASQQQPGQGQQGQYP---ASQQQPGQGQQ------ GHYLASQQQPGQGQQ 
0410 0420 0430 0440 0450 
[1] RYYPTSPQQPGQEQQPRQLQQPEQGQQGQQPEQGQQGQQQRQGEQGQQPG 
[2] RYYPTSPQQPGQEQQPRQLQQPEQGQQGQQPEQGQQGQQPGQGEQGQQPG 
[3] GYYPTSSQQP---------------TQSQQPGQGQQGQQVGQGQQAQQPG 
[4] GYYPTSSQQP---------------TQSQQPGQGQQGQQVGQGQQAQQPG 
[5] -------QQPG---------------QGKQPGQGQQGYYP---TSPQQSG 
[6] GQIPASQQ--------------------- QPGQGQQGHYPA--------- 
[7] GQIPASQQ---------------------QPGQGQQGHYPA--------- 
[8] RHYPASLQ--------------------- QPGQGQQGHYTA--------- 
---- =====_ I ---------- I 
0460 0470 0480 0490 0500 
[1] QGQQGQQPGQGQPGYYPTSP------QQSGQGQPGYYPTSPQQS------ 
[2] QGQQGQQPGQGQPGYYPTSP------ QQSGQGQPGYYPTSPQQS------ 
[3] ---QGQQPGQGQPGYYPTSP-------LQSGQGQPGYYLTSPQQSGQGQQP 
[4] ---QGQQPGQGQPGYYPTSP------QQSGQGQPGYYLTSPQQSGQGQQP 
[5] ---QGQQLGQGQPGYYPTSPQQSGQGQQSGQGQQGYYPTSPQQSGQGQQP 
[6] ---SLQQPGQGQQGHYPTSL------ QQLGQGQQTGQPGQKQQ------ 
P 
[7] ---SLQQP--GQQGHYPTSL------ QQLGQGQQIGQPGQKQQ------ 
P 
[8] ---SLQQPGQGQQGHYPASL--'----QQ'VGQGQQIGQLGQR'QQ------ 
P 
0510 0520 0530 0540 0550 
[1] GQI, QQpAQGQQPGQE--------GQQGQQpG---Q 
QQPGQ QPGYYPTS [2] GQLQQPAQGQQPGQEQQGQQPGQ QQGQQ 
[3] GQLQQSAQGQKGQQPGQGQQPGQGQQGQQPGQGQQGQQPGQGQPGYYPTS 
[4] GQLQQSAQGQKGQQPGQGQQPGQGQQGQQPGQGQQGQQPGQGQPGYYPTS 
[5] GQGQSGYFPTSRQQSGQGQQPGQGQQSGQGQQQQPGQGQQAYYPTSG 
[6] GQGQQT------ GQ GQQP------------ EQEQQPGQGQQGYYPTS 
[7] GQGQQT------ GQ---GQQP------------ EQEQQPGQGQQGYYPTS 
[8] GQGQQTRQGQQLEQ --- GQQPGQGQQTRQGQQLEQGQQPGQGQQGYYPTS 
0560 0570 0580 0590 
0600 
358 
[1] PQQSGQEQQLEQWQQSGQGQPGHYPTSPLQPGQGQPGYYPTSPQQIGQGQ 
[2] PQQSGQEQQLEQWQQSGQGQPGHYPTSPLQPGQGQPGYYPTSPQQIGQGQ 
[3] PQQSGQGQQPGQWQQPGQGQPGYYPTSPLQPGQGQPGYDPTSPQQPGQGQ 
[4] PQQSGQGQQPGQWQQPGQGQPGYYPTSPLQPGQGQPGYDPTSPQQPGQGQ 
[5] SQQSRQRQQAGQWQRPGQGQPGYYPTSPQQPGQ---------EQQSGQAQ 
[6] L ------ QQPGQGQQQGQGQQGYYPTSLQQPGQGQQGHYPASLQQP--GQ 
[7] L------ QQPGQGQQQGQGQQGYYPTSLQQPGQGQQGHYPASLQQPGQGQ 
[8] PQQSGQGQQPGQSQQPGQGQQGYYSSSLQQPGQGLQGHYPASLQQP--GQ 
0610 0620 0630 0640 0650 
[1] -QPGQLQ---QPTQGQ---------------------------------- 
[2] -QPGQLQ---QPTQGQ---------------------------------- 
[3] -QPGQLQ---QPAQGQQGQQLAQGQQGQQPAQVQQGQQPA--------- Q 
[4] -QPGQLQ --- QPAQGQQGQQLAQGQQGQQPAQVQQGQRPAQGQQGQQPGQ 
[5] -QSGQWQLVYYPTSPQ---------------------------------- 
[6] GQPGQRQ---QPGQGQ---------------------------------- 
[7] GQPGQRQ---QPGQGQ---------------------------------- 
[8] GHPGQRQ---QPGQGQ---------------------------------- 
0660 0670 0680 0690 0700 
[1] ----------------------------- QGQQPGQGQQGQQPGEGQQGQ 
[2] -----------------------------QGQQPGQGQQGQQPGQGQQGQ 
[3] GQQGQQLGQGQQGQQPG------------QGQQPAQGQQGQQPGQGQQGQ 
[4] GQQGQQLGQGQQGQQPGQGQQGQQPAQGQQGQQPGQGQQGQQPGQGQQGQ 
[5] --------------QPG------------QLQQPAQGQQPAQGQQSAQEQ 
[6] --------------HPE------------QGKQPGQGQQGYYP---TSPQ 
[7] --------------HPE------------QGQQPGQGQQGYYP---TSPQ 
[8] -------------- QPE------------ QGQQPGQGQQGYYP---TSPQ 
0710 0720 0730 0740 0750 
[1] QPGQGQQPGQGQPGYYPTSLQQSGQG------QQ---PGQWQQPGQGQPG 
[2] QPGQGQQPGQGQPGYYPTSLQQSGQG------QQ---PGQWQQPGQGLPG 
[3] QPGQGQQPGQGQPWYYPTSPQESGQGQQPGQWQQ---PGQWQQPGQGQPG 
[4] QPGQGQQPGQGQPWYYPTSPQESGQG------QQ---PGQWQQPGQGQPG 
[5] QPGQAQQSGQWQLVYYPTSPQQPGQLQQPAQGQQGYYPTSPQQSGQGQQG 
[6] QPGQGQQLGQGQQGYYPTSPQQPGQG---------------QQPGQGQQG 
[7] QPGQGQQLGQGQQGYYPTSPQQPGQG---------------QQPGQGQQG 
[8] QPGQGKQLGQGQQGYYPTSPQQPGQG---------------QQPGQGQQG 
0760 0770 0780 0790 0800 
[1] YYPTSSLQPEQGQQGYYPTSQQQPGQGPQPGQWQQSGQGQQGYYPTSPQQ 
[2] YYPTSSLQPEQGQQGYYPTSQQQPGQGPQPGQWQQSGQGQQGYYPTSPQQ 
[3] YYLTSPLQLGQGQQGYYPTSLQQPGQGQQPGQWQQSGQGQHGYYPTSPQL 
[4] YYLTSPLQLGQGQQGYYPTSLQQPGQGQQPGQWQQSGQGQHWYYPTSPQL 
[5] YYPTSPQQSGQGQQGYYPTSPQQSGQGQQPGQGQQPRQGQQGYYPISPQQ 
[6] HCPTSPQQSGQA---------QQPGQGQQIGQVQQPGQGQQGYYPTSVQQ 
[7] HCPMSPQQTGQA---------QQLGQGQQIGQVQQPGQGQQGYYPTSLQQ 
[8] HCPTSPQQTGQA--------- QQPGQGQQIGQVQQPGQGQQGYYPISLQQ 
0810 0820 0830 0840 0850 
359 
[1] SGQGQQPGQWLQPGQWLQSGYYLTSPQQLGQG------QQPRQWLQPRQG 
[2] SGQGQQPGQWLQPGQWLQSGYYLTSPQQLGQG------QQPRQWLQPRQG 
[3] SGQGQRPGQWLQPGQG-QQGYYPTSPQQSGQG------QQLGQWLQPGQG 
[4] SGQGQRPGQWLQPGQG-QQGYYPTSPQQPGQG------ QQLGQWLQPGQG 
[5] SGQGQQPGQ---- G---QQGYYPTSPQQSGQGQQPGHEQQPGQWLQPGQG 
[6] PGQGQQSGQ---------------- GQQSGQG------------------ 
[7] PGQGQQSGQ---------------- GQQSGQG------------------ 
[8] SGQGQQSGQ----------------GQQSGQG------------------ 
0860 0870 0880 0890 0900 
[1] QQGYYPTSPQQSGQGQQLGQGQQGYYPTSPQQSGQGQQGYDSPYHVSAEH 
[2] QQGYYPTSPQQSGQGQQLGQGQQGYYPTSPQQSGQGQQGYDSPYHVSAEH 
[3] QQGYYPTSLQQTGQGQQSGQGQQGYY---------------SSYHVSVEH 
[4] QQGYYPTSLQQTGQGQQSGQGQQGYY---------------SSYHVSVEH 
[5] QQGYYPTSSQQSGQGHQSGQGQQGYYPTSLWQPGQGQQGYASPYHVSAEY 
[6] ---------HQPGQGQQSGQEQQGY---------------DSPYHVSAEQ 
[7] ---------HQPGQGQQSGQEKQGY---------------DSPYHVSAEQ 
[8] ---------HQLGQGQQSGQEQQGY---------------DNPYHVNTEQ 
0910 0920 0930 0940 0950 
[1] QAASLKVAKAQQLAAQLPAMCRLEGGDALLASQ* 
[2] QAASLKVAKAQQLAAQLPAMCRLEGGDALLASQ* 
[3] QAASLKVAKAQQLAAQLPAMCRLEGGDALSASQ* 
[4] QAASLKVAKAQQLAAQLPAMCRLEGGDALSASQ* 
[5] QAARLKVAKAQQLAAQLPAMCRLEGSDALSTRQ* 
[6] QAASPMVAKAQQPATQLPTVCRMEGGDALSASQ* 
[7] QAASPMVAKAQQPATQLPTVCRMEGGDALSASQ* 
[8] QTASPKVAKVQQPATQLPIMCRMEGGDALSASQ* 
0960 0970 0980 
***************************************************** 
********** Multiple comparison statistics: ********** 
***************************************************** 
Percentage identities: 
[1] [2] [3] [4] [5] [6] [7] [8] 
[1] 100.0 99.3 77.8 78.0 69.3 65.7 65.6 64.1 
[2] 99.3 100.0 78.2 78.4 70.7 67.3 67.1 65.8 
[3] 77.8 78.2 100.0 97.3 72.9 69.8 69.2 68.4 
[4] 78.0 78.4 97.3 100.0 71.6 69.3 68.9 68.1 
[5] 69.3 70.7 72.9 71.6 100.0 66.2 65.6 63.5 
[6] 65.7 67.3 69.8 69.3 66.2 100.0 97.8 90.1 
[7] 65.6 67.1 69.2 68.9 65.6 97.8 100.0 90.3 
[8] 64.1 65.8 68.4 68.1 63.5 90.1 90.3 100.0 
360 
Distances from identities (D = -100.0 In pids/100): 
[1] [2] [3] [4] [5] [6] [7] [8] [1] 0.0 0.7 25.1 24.8 36.6 41.9 42.2 44.5 [2] 0.7 0.0 24.6 24.3 34.6 39.6 39.9 41.8 [3] 25.1 24.6 0.0 2.8 31.6 36.0 36.8 38.0 [4] 24.8 24.3 2.8 0.0 33.4 36.7 37.2 38.4 [5] 36.6 34.6 31.6 33.4 0.0 41.2 42.2 45.3 
[6] 41.9 39.6 36.0 36.7 41.2 0.0 2.2 10.4 
[7] 42.2 39.9 36.8 37.2 42.2 2.2 0.0 10.2 
[8] 44.5 41.8 38.0 38.4 45.3 10.4 10.2 0.0 
Raw alignment scores 
[Overall (sum of off-diagonal elements): 2144.8]: 
[1] [2] 
[1] 589.9 587.1 
[2] 587.1 600.8 
[3] 492.4 503.7 
[4] 494.5 505.8 
[5] 442.0 451.0 
[6] 354.4 361.8 
[7] 361.2 368.6 
[8] 378.5 387.8 
[3] 
492.4 
503.7 
607.2 
592.4 
457.7 
372.8 
378.9 
400.4 
[4] 
494.5 
505.8 
592.4 
615.1 
449.3 
369.4 
375.7 
397.5 
[5] [6] 
442.0 354.4 
451.0 361.8 
457.7 372.8 
449.3 369.4 
570.5 352.1 
352.1 469.5 
356.1 462.7 
371.4 443.7 
[7] 
361.2 
368.6 
378.9 
375.7 
356.1 
462.7 
478.1 
451.4 
18] 
378.5 
387.8 
400.4 
397.5 
371.4 
443.7 
451.4 
509.6 
Normalized alignment scores (NAS = 100.0 * Sreal/Smax) 
[Overall (sum of off-diagonal elements): 2144.8]: 
[1] [2] [3] [4] [5] [6] [7] [8] 
[1] 100.0 98.6 82.3 82.1 76.2 66.9 67.6 68.8 
[2] 98.6 100.0 83.4 83.2 77.0 67.6 68.3 69.8 
[3] 82.3 83.4 100.0 96.9 77.7 69.3 69.8 71.7 
[4] 82.1 83.2 96.9 100.0 75.8 68.1 68.7 70.7 
[5] 76.2 77.0 77.7 75.8 100.0 67.7 67.9 68.8 
[6] 66.9 67.6 69.3 68.1 67.7 100.0 97.6 90.6 
[7] 67.6 68.3 69.8 68.7 67.9 97.6 100.0 91.4 
[8] 68.8 69.8 71.7 70.7 68.8 90.6 91.4 100.0 
Distances based on NAS scores [-100.0 * ln(NAS/100.0)]: 
[1] [2] [3] [4] [5] [6] [7] [8] 
[1] 0.0 1.4 19.5 19.8 27.2 40.2 39.1 37.3 
[2] 1.4 0.0 18.2 18.4 26.1 39.2 38.1 35.9 
[3] 19.5 18.2 0.0 3.1 25.2 36.7 35.9 33.3 
[4] 19.8 18.4 3.1 0.0 27.7 38.4 37.5 34.7 
[5] 27.2 26.1 25.2 27.7 0.0 39.0 38.7 37.4 
[6] 40.2 39.2 36.7 38.4 39.0 0.0 2.4 9.8 
[7] 39.1 38.1 35.9 37.5 38.7 2.4 0.0 9.0 
[8] 37.3 35.9 33.3 34.7 37.14 9.8 9.0 0.0 
361 
Figure A-5: Homology 
Penalty: 40 
Code Tit 
[1] GLTC Low 
[2] S20853 LMW 
[3] GLTB LMW 
[4] GLTA LHW 
of Low molecular weight (LMW) glutenins. 
le 
molecular weight (LMW) glutenin 
glutenin - durum wheat 
glutenin - 1D1. 
glutenin 
[1] MKTFLVFALLAVVATSTIAQM-ETSCIPGL---- ERPWQEQPLPP---- Q 
[2] MKTFLVFALLAVVATSAIAQM-DTSCIPGL---- ERPWQQQPLPP---- Q 
[3] MK TFLVFALLAVAATSAIAQM-ETRCIPGL----ERPWQQQPLPP----Q 
[4] MKTFLVFALLALAAASAVAQISQQQQAPPFSQQQQPPFSQQQQPPFSQQQ 
0010 0020 0030 0040 0050 
[1] HTLFP---QQQPFP-Q------------- QQQPPFS-QQQPSFLQQQ--P 
[2] QT-FP ---QQPPFSQQ------------- QQQQPFP--QQPSFSQQQ--P 
[3] QT-FP---QQPLFSQQQQQQLFPQQPSFSQQQPPFW-QQQPPFSQQQ--P 
[4] QSPFSQQQQQPPFAQQQQPPFSQQPPISQQQQPPFSQQQQPQFSQQQQPP 
0060 0070 0080 0090 0100 
[11 I----- LP---- Q-LPFSQQQQPVLP---QQSPFS-QQ---------- QL 
[21 I-----LP----QGPPFPQQTQPVLP---QQSPFSQQQ----------QL 
[3] I-----LP----QQPPFSQQQQLVLP---QQPPFSQQQ----------QP 
[41 YSQQQQPPYSQQQQPPFSQQQQPPFSQQQQQPPFTQQQQQQQQQQPFTQQ 
0110 0120 0130 0140 0150 
[1] VLPP---------- QQ---- QYQQVL---QQQIPIVQPSVLQQLNPCKVF 
[2] ILPP----------QQ----Q-QQLP---QQQISIVQPSVLQQLNPCKVF 
[3] VLPP--QQSPFPQQQQ----QHQQLV---QQQIPVVQPSILQQLNPCKVF 
[4] QQPPFSQQPPISQQQQPPFLQQQRPPFSRQQQIPVIHPSVLQQLNPCKVF 
0160 0170 0180 0190 0200 
[1] LQQQCNPVAMPQRLARSQMLQQSSCHVMQQQCCQQLPQIPEQSRYDVIRA 
[2] LQQQCSPVAIPQRLARSQMWQQSSCHVMQQQCCQQLSQIPEQSRYDAIRA 
[3] LQQQCSPVAMPQRLARSQMLQQSSCHVMQQQCCQQLPQIPQQSRYEAIRA 
[4] LQQQCIPVAMQRCLARSQMLQQSICHVMQQQCCQQLRQIPEQSRHESIRA 
0210 0220 0230 0240 0250 
[1] ITYSIILQEQQ--QGFVQAQQQQPQQLGQGVSQSQQQSQQQLGQC --- SF 
[2] ITYSIILQEQQ--QG--QSQQQQPQQSGQGVSQSQQQSQQQLGQC---SF 
[3] IIYSIILQEQQQVQGSIQSQQQQPQQLGQCVSQPQQQS------------ 
[4] IIYSIILQQQQ_-----QQQQQQQQQQGQSIIQYQQQQPQQLGQCVSQPj 
0260 
, 
0270 0280 0290 0300 
362 
[1] QQPQQQLGQQPQQQQVLQGTFLQPHQIAHLEVMTSIALRTLPTMCSVNVP 
[2] QQPQQQLGQQPQQQQVQQGTFLQPHQIAHLEVMTSIALRTLPTMCSVNVP 
[3] --- QQQLGQQPQQQQLAQGTFLQPHQIAQLEVMTSIALRILPTMCSVNVP 
[4] QQLQQQLGQQPQQQQLA -------HQIAQLEVMTSIALRTLPTMCNVNVP 
0310 0320 0330 0340 0350 
[1] LYSSTTSVPFSVGTGVGAYL* 
[2] LYSSTTSVPFGV--------* 
[3] LYRTTTSVPFGVGTGVGAY-* 
[4] LYETTTSVPLGVGIGVGVY-* 
0360 0370 
***************************************************** 
********* Multiple comparison statistics: *********** 
***************************************************** 
Percentage identities: 
Cl] 123 13] 14] 
[1] 100.0 90.2 82.7 69.2 
[2] 90.2 100.0 84.2 70.5 
[3] 82.7 84.2 100.0 71.0 
[4] 69.2 70.5 71.0 100.0 
Distances from identities (D = -100.0 in pids/100): 
[1] [2] [3] [4] 
[1] 0.0 10.3 19.0 36.9 
[2] 10.3 0.0 17.2 34.9 
[3] 19.0 17.2 0.0 34.2 
[4] 36.9 34.9 34.2 0.0 
Raw alignment scores 
[Overall (sum of off-di 
Ill [2) [3] 
[1] 214.7 194.3 189.1 
[2] 194.3 207.7 184.7 
[3] 189.1 184.7 224.5 
[4] 171.3 168.8 180.6 
agonal elements): 482.1]: 
[4] 
171.3 
168.8 
180.6 
260.9 
Normalized alignment scores (NAS = 100.0 * Sreal/Smax) 
(Overall (sum of off-diagonal elements): 482.1]: 
[1] [2] [31 [41 
[1] 100.0 92.0 86.1 72.0 
[2 92.0 100.0 85.5 72.1 
[3] 86.1 85.5 100.0 74.4 
[4] 72.0 72.1 74.4 100.0 
363 
Distances based on NAS scores [-100.0 * ln(NAS/100.0)]: 
[1] [2] [3] [4] 
[1] 0.0 8.4 14.9 32.8 
[2] 8.4 0.0 15.7 32.8 
[3] 14.9 15.7 0.0 29.6 
[4] 32.8 32.8 29.6 0.0 
IIAPPENDIX B 
Figure B-1: Nuclear chain reaction 
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II APPENDIX C 
COLETTE 
(A Simple Guide) 
11 i. '- ' I" 
l mu mm 
CAn (or empty) run: 
NOrmalisation run 
BAckground run 
MT beam run 
Spectrum Nos. to T-O-F to I microsecs 
Lm-s / Ls-d : m Phi to ' degrees 
Radial Limits : i to stepping millimetres 
Wavelengths III to III dW /W Angstroms 
Q(or Qx) Range: to stepping Ang-1 
Qy (for /AREA): to stepping Ang-1 
@ Assign Background Clear Correct Display 
Fit Help Limit Mask Monitor Old 
Plot ( Quit Read Set Show 
Size Step Sum Transmission Write 
Enter command : 
I j I iýýý 
1 1ýi 
Steve King 
November 1994 
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In the following document all of the commands to be typed are in bold type. Unless otherwise stated there is a <RETURN> at the end of each line. Most commands, their qualifiers and parameters can be abbreviated to just the first 3 letters. For additional information type HELP [command]. Should it become corrupted, the screen display may be "refreshed" by simply typing Control-W. 
1) Run the program... 
COL or COL TEST (ask your local contact or read the login notices) 
COLETTE will respond with... 
GKS$CONID = "DECW$DISPLAY" 
CLASS = "WINDOWS" 
OUTPUT = "POSTSCRIPT" 
VERSION = "TOP" 
... or something similar. GENIE will announce itself followed by various information notices about COLETTE and environmental setups. Finally the GENIE "»" prompt will appear. 
Please ignore any DECGKS error messages about incorrect Title & Border sizes. 
NOTE: 
Users who wish to import graphs produced by COLETTE into Microsoft WORD' or who wish 
to run COLETTE using PC KERMIT as a terminal emulator should not invoke COLETTE in 
this way. Please see Appendix 5 instead. 
2) Call COLETTE from GENIE... 
» COL or » LOQ but not COL TEST 
3) Assign the sample run... 
ASSIGN/SAMPLE 1234 
COLETTE will look for the file L0001234. RAW by default. Specify any other file 
descriptor; e. g. ASS/SA 1234. ADD 
If you are using the Workstation in the LOQ cabin it is possible to look at the run currently 
in progress. To do this you must take a "snapshot" of the data in the DAE 
(Data Aquisition 
Electronics) and copy it to an area of the computers memory called the CRPT 
(Current 
Run Parameter Table). COLETTE must still be told where to look for the data however, 
and there are two ways of doing this, either by 
ASSISA CRPT 
or 
ASS/SA 0 
The legend CRPT will be displayed instead of a filename. 
To actually read the data from 
the DAE into the CRPT type 
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The screen will go blank for a few seconds and then ask you to press <RETURN>. 
4) {Optional} 
Assign the sample can run. This will be a run containing scattering to be subtracted from the sample, such as a solvent filled sample cell for example... 
ASS/CA 1235 
COLETTE will look for the file LOQ01235. RAW 
5) Invoke the mask... 
ASS/SA 
@ MASK 
This executes MASK. COM. The instrument scientists frequently check the behaviour of 
the detector and have written this command file to read in the detector-to-spectrum 
mapping tables and to apply the necessary detector and time masks. It should normally 
only need to be called each time you enter COLETTE. 
A number of information messages will appear in the bottom four lines of the screen. 
If you are a regular LOQ user with your own account on the HUB computer, please ensure 
that you copy a recent MASK. COM to your directory before you analyse any new data! 
Alternatively, the command @USER: MASK will execute the current mask file on the LOQ 
FEM. Now that the new ORDELA detector has been installed you must ensure that you 
use the correct detector mask file for the data you are analysing. The last LETZ detector 
compatible mask was MASK912. COM (i. e., @MASKS: MASK912). Finally, if you are 
running LOQ at 50Hz you will need to use a special mask file, please ask your local contact. 
6) {Optional} 
View the raw data as an intensity contour plot of the main detector. This display is most useful 
when studying anisotropic systems... 
DISPLAY CONTOUR 
A sub-menu will appear: (a) To return to the main screen, type 0. 
(b) To normalise the contour levels, type 1 
followed by the counts per unit area for 
contour level 1. 
(c) To force the drawing of contour lines, type 2 
(d) To zoom on the centre, type 25. 
7) {Optional} 
View the neutron time-of-flight spectrum as recorded by the main detector... 
DISPLAY TIME 
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TITLE : GDW20_STANDARD 
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This may identify certain time channels which need to be masked out. The "prompt" pulse 
at 20ms must always be excluded. Again, this need only be done at the beginning of the 
experiment and will be done for you by the instrument scientists in MASK. COM. 
LOQ also has two low-efficiency incident beam monitors. The neutron time-of-flight 
spectra that these record are stored in spectrum #1 and spectrum #2 and may be viewed 
by typing... 
D/H Si 
(where the IH qualifier signifies that the data is to be plotted in histogram format) 
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S1 contains the "raw" TOF spectrum, and is unaffected by your choice of wavelength or 
collimation. Because LOQ is normally a 25Hz instrument you should see two ISIS pulses. 
If not, ask an instrument scientist to check that the chopper is running and that LOQ is 
synchronised to the SMP (Secondary Master Pulse). 
or... 
D/H S2 
S2 contains the TOF spectrum at the sample position and is used to normalise the small 
angle scattering from the sample as a function of wavelength. It should bear some 
resemblance to the spectrum obtained by DISPLAY TIME although the absolute scales will 
be different. 
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8) Calculate the transmission of the sample (also see the note under Step 10)... 
TRANSMISSION/SAMPLE/MEASURE 
COLETTE will respond with 
"Enter transmission run number for sample run »" 1236 
"Reading LOQ_DISK: [LOQMGR. DATA]L0001236. RAW" 
"Enter direct beam run number »" 1237. ADD 
"Reading LOQ_DISK: [LOQMGR. DATA]LOQ01237. ADD" 
"Transmission contained in Workspace 21 " 
Write the transmission for the sample out as an ASCII datafile... 
WRITE W21 TEMP: 1236. TRAN or WRITE W21 USER$DISK: [ABC01]1236. TRAN 
NOTE 1: 
If you have also assigned a can and it is anything other than an empty 
beam run (ie, a 
scattering run through an empty sample position) then you must also calculate 
the 
transmission of the can... 
TRANSMISSION/CAN/MEASURE 
.. ý. ýýý __... -espond with 
"Enter transmission run number for can run »" 1238. RAW 
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"Reading LOQ_DISK: [LOQMGR. DATA]LOQ01238. RAW" 
"Enter direct beam run number »" 1237. ADD 
"Reading LOQ_DISK: [LOQMGR. DATA]LOQ01237. ADD" 
"Transmission contained in Workspace 22" 
Write the transmission for the can out as an ASCII datafile... 
WRITE W22 TEMP: 1238. TRAN or WRITE W22 USER$DISK: [ABC01]1238. TRAN 
NOTE 2: 
If you forget to calculate the transmission then COLETTE will use whatever was calculated 
the last time you issued the above commands. If you forget what is in any workspace you 
can type SHOW W21, etc. See Appendix 3. 
To clear a transmission use... 
TRANSMISSION/CLEAR 
This will set the transmission of the assigned run at all wavelengths currently in use to 1 . 0. 
NOTE 3: 
The TRANSMISSION/MEASURE command can be used in the format... 
TRANSMISSION/MEASURE {sample transmission run #} {direct beam run #} 
The {} brackets are not typed however! 
NOTE 4: 
A linearly-fitted transmission of the LOQ polymer standard "GDW20" is stored within 
COLETTE and may be used in place of an experimentally-measured transmission for 
this sample. To use this stored transmission, type... 
TRANSMISSION/STANDARD 
9) Display the transmission of the sample... 
DISPLAY/MARKER W21 or better D/M W21 2 10 01 
The /MARKER qualifier tells COLETTE to display the individual datapoints. For a 
moderately weak scatterer the transmission should be a straight 
line. In reality it probably 
also decreases at higher wavelengths. You can check how statistically significant any 
deviations are by overplotting the error bars. 
<RETURN> (if using a TeKtronix-type terminal) 
PLOT/ERROR 
COLETTE will automatically assume that you want it to use 
Workspace 21 again in this 
instance. 
10) {Optional} 
Fit the transmission to a straight line. In some instances this will 
improve the quality of 
--i ihsenuent subtractions. 
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FIT W21 2.2 6.5 
This command has an implicit /LINEAR qualifier. It is recommended that you only fit transmissions over the range 2.2 - 6.5A. A quadratic fit is also possible using the command FIT/QUADRATIC. 
Note that in this example the data in Workspace 21 is overwritten with data interpolated from the fit. To store the fit separately, say in Workspace 1, use... 
FIT W21 2.2 6.5 W1 
NOTE: 
Some MASK. COM files include the command FiT/TRANSMISSION. If you are using such 
a file, all transmissions that you calculate will automatically be fitted. In such cases the 
"actual" transmission is placed in W25 (regardless of whether you have calculated 
the transmission of a sample run or of a sample can run) and W21, W22, etc., only 
contain the fitted transmission. A message to this effect is always displayed at the bottom 
of the screen. To turn this feature off use FIT/TRANSMISSION/CLEAR. 
Check the fit by overplotting on the original data... 
PLOT/LINE W21 or PLOT/LINE W1 or PLOT/'LINE W25 (respectively) 
<RETURN> (if using a TeKtronix-type terminal) 
11) {Optional} 
If you have assigned a can run then repeat steps 9) & 10) with Workspace W22. 
12) Check that the beam size is correct. This is the first value after the run designation at the top 
right of the screen. Normally LOQ is run with an 8mm diameter beam at the sample. However, 
if you are not using standard 1 mmx1 Ommx3Omm quartz cells then your local contact may have 
altered the beam size. Unless the correct beam width was set in the instruments CHANGE utility 
it will be necessary to alter it in COLETTE using, for example, ... 
SIZE/WIDTH=11 or SIZE/SAMPLE/WIDTH=11 
... to set 
it to 11 mm. If it is necessary to change the beam size for the sample can aswell 
then you can use... 
SIZE/CAN/WIDTH=11 
Any such change of collimation is normally recorded in the instruments log book alongside 
the remark SNOUT or Asnout" 
IMPORTANT ! 
When running your samples try to ensure that the incident collimation is the same 
for both 
the sample run and the sample can run. As you can see, COLETTE will still 
be able to 
handle the data if they are not, but the resulting differences in beam divergence, views of the 
incident beam and scattering around the beamstop will give rise to unquantifiable effects at 
low-Q. You have been warned! 
13) Check that the sample thickness is correct. This is the second value after 
the run designation at 
the top right of the screen. If it is not... 
SIZE, THICK=2.0 or SIZE/SAMPLEITHICK=2.0 
ýýýý, ^ -. ^, ^* t^ 2.0 mm, for example. If it is necessary to change 
the thickness of 
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the sample can aswell then you can use... 
SIZE/CAN/THICK=2.0 
The sample thickness should be set every time you assign a new run, unless you entered the correct thickness into the RAW file by specifying the thickness in PILOT. COM or by 
using the CHANGE utility (see the "PUNCH User Guide"). The default value for the thickness of a run is 1.0mm. 
14) Check that the flight paths are correct. These are the values alongside the legend "Lm-s / Ls-d" 
and are the moderator-to-sample and sample-to-detector distances respectively. If these values 
are wrong then your Q-scale will be wrong! 
These lengths are normally defined for you by the instrument scientists using the CHANGE 
or MENU utilities or by using the MODIFY command (see the "PUNCH User Guide") but you 
can easily check whether the values displayed are correct: 
Lm-s 
The back face (nearest your samples) of the Aperture #2 housing (the big rusty upright block 
in the sample pit) is 10.744 m from the moderator. 
Ls-d 
This is 15.473 - Lm-s. 
If it is necessary to change these values then type... 
SET LENGTHS 
COLETTE will respond with 
"NOTE: M-S = 11.0540 m S-D = 4.4190 m M-M = 10.4310 m" 
"Mod-Sam length ==> " 10.96 
"Sam-Det ==> " 4.513 
"NOTE: M-S = 10.9600 m S-D = 4.5130 m M-M = 10.4310 m" 
If you are using the LOQ sample changer with LOQ's own sample racks then Lm-s = 11.046 
and Ls-d = 4.427 m. 
15) Reduce the data (but please read Appendix 6, Appendix 7 and Appendix 8 first)... 
CORRECT/SA W1 
This would process the sample data (by rebinning into lambda, 
dividing by the monitor 
count, scaling by the direct beam for detector efficiency, scaling 
by the transmission and 
sample volume, weighting the masked data by zero and 
finally rebinning the data into Q 
weighting by solid angle) and put the data as a function of 
Q into Workspace 1. 
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A more preferable (where possible) reduction would be to subtract the sample can data 
from the sample data. To do this use... 
CORRECT/SC W1 
Write the corrected data out as an ASCII datafile of cross-section versus scattering 
vector... 
WRITE W1 TEMP: 1234. IQ or WRITE W1 USER$DISK: [ABC01]1234. IQ 
or 
WRITE/TITLE="My Plot" W1 TEMP: 1234. IQ 
NOTE 1: 
Data reduction by the above method involves a radial average and so the result is just 
one-dimensional (cross-section versus Q). COLETTE is however capable of making a two 
dimensional reduction; i. e., cross-section as a function of both Q parallel and Q 
perpendicular to the direction of an applied tensor (e. g., shear flow, magnetic field, etc. ). 
For details of how to perform such a reduction, see section 19. 
NOTE 2: 
It is possible to only reduce data in selected sectors of the detector. This is done by altering 
the range of azimuthal angles used by typing... 
LIMIT/PHI {minimum angle} {maximum angle} 
For a full radial average (the default) the minimum angle should be set to -90 and the 
maximum angle to +90. Other sectors may be chosen with reference to the diagram below: 
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180 
+90 
-90 
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The LIMIT/PHI command only takes effect when another CORRECT is issued. 
NOTE 3: 
lt is possible to calculate a "fully normalised" scattering cross-section, see Section 20. 
16) Display the corrected cross-section... 
DISPLAYIMARKER Wi 
<RETURN> (if using a TeKtronix-type terminal) 
and overplot the error bars... 
PLOT/ERROR W1 
<RETURN> (if using a TeKtronix-type terminal) 
Other qualifiers available include... 
+30 
-30 
/YLIN - for a linear Y axis 
/XLIN - for a linear X axis 
/XYLIN - for linear X and Y axes 
/YLOG - for a logarithmic Y axis 
/XLOG - for a logarithmic X axis 
/XYLOG - for logarithmic X and Y axes 
/SPECIAL - for other specialised representations (e. g., Guiner, Porod, Kratky). You will 
be prompted to select the representation you require and prompted to enter 
a background to be subtracted from the data. This can either be a single 
value (if in doubt enter 0) or a workspace as Wn. If you give a workspace 
it must have identical Q bins to the data workspace. 
NOTE: 
Different types of marker can be selected with the command... 
ALTER MARKER n 
<RETURN> 
where -13: 5 n: 5 -1 (-1="o") and 1<n: 5 5 (1=". ' 2="+°, 3="*", 4=°0" and 5="x"). 
17) {Optional} 
To generate a hard copy of the display on a Laser Printer, type... 
PRINT 
This tells COLETTE to write the graphics screen to a file called DEC_POSTSCRIPT. DAT 
,, iich you are running COLETTE. You will then be asked to select a 
t. ii n tac. i . 
vitvvori... 
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+120 +60 
0- if you are in R3 (the ISIS administration building) 
2- if you are in the DAC (the Data Assessment Centre in the experimental hall) 4- if you are in the LOQ cabin (the printer is in the CRISP cabin) 9- if you are in the LOQ cabin (the printer is in the HET cabin) 
NOTE 1: 
The PRINT command can be used in the form... 
PRINT/ON=n/COPIES= m 
... where n is the laser printer number (shown above) and m is the number of copies - between 1 and 9- required. The default value of m is 1 
18) {Optional} 
To read COLETTE format ASCII datafiles of, say, corrected data or transmissions back into COLETTE workspaces, type... 
OLD W1 TEMP: 1234. IQ or OLD W21 USER$DISK: [ABC01]1236. TRAN 
NOTE: 
If a transmission file is read back into W21, W22, W23 or W24 then COLETTE will not 
use that data in a CORRECT unless you first issue... 
TRANSMISSION/WORKSPACE 
in place of the TRANSMISSION/MEASURE command. 
19) (Optional) 
Perform a two-dimensional reduction of the data. It is first necessary to establish Q limits in 
the directions parallel and perpendicular to the applied tensor, what COLETTE refers to as the 
OX and Qy directions using the commands... 
LIMIT/QX 0 {maximum value of QX} 
LIMIT/QY 0 {maximum value of Qy} 
... and then to determine the number of 
Q bins (points) in either direction with... 
STEP/QX/LIN {interval} 
STEP/QY/LIN {interval} 
Due to the way in which data is stored inside COLETTE there is a limit to the number of 
Q bins which can be handled. As a rough guide 
(maximum value of Q) / (interval) <_ 100 
NOTE: 
The use of logarithmic (/LOG) Q bins in 2D reductions is not recommended. Only use 
them in normal 1D reductions (i. e., STEP/Q/LOG). See Section 15. 
If necessary, reset the azimuthal limits... 
LIMIT/PHI -90 90 
The data may then be corrected as before using... 
tio X61 or CORRECT/SC W61 
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but, the result must be written to a 2D workspace (see Appendix 3), such as W61. 
NOTE: 
CORRECT/SA W61 and CORRECT/SC W61 are identical with CORRECT/AREA/SA W61 and CORRECT/AREAJSC W61 respectively. Providing that 
a 2D workspace is given as an argument the /AREA qualifier can be omitted. 
To display the result of a 2D reduction, use... 
DISPLAY W61 
... as the data can only be displayed as line contours. The /E, /H or /M qualifiers will have 
no effect on the display of 2D workspaces. 
To write the data out as an ASCII datafile of cross-section versus QX and Qy, use... 
WRITE W61 TEMP: 1234. LQA or WRITE W61 USER$DISK: [ABC01]1234. QXY 
... or, to write the data out in a shorter binary format, use... 
WRITE/BIN W61 TEMP: 1234. LQB 
NOTE: 
WRITE W61 is identical with WRITE/AREA W61. Providing that a 2D workspace is given 
as an argument the /AREA qualifier can be omitted. 
20) (Where appropriate) 
It is possible to calculate a "fully normalised" scattering cross-section (as is often done on 
reactor-based SANS instruments) where the scattering from the sample is divided by that 
from a normalisation sample. However, this procedure should be used with caution on 
LOQ because it is very difficult to find a normalisation sample with a well-defined cross- 
section over all of the LOQ wavelength range. This limitation applies to the two most 
common normalisation samples, vanadium and water. 
The only purpose of the normalisation is to eliminate the detector efficiency from the 
scattering law. On a time-of-flight SANS instrument, like LOQ, it is preferable to 
determine the detector efficiency directly. When you use the CORRECT command in 
COLETTE the program automatically reads in a file containing the efficiency of the LOQ 
main detector unless you issue CORRECT/SCNB or CORRECT/FULL (the two qualifiers 
are equivalent (see below). 
To make a full normalisation, first assign a normalisation run (eg, a vanadium run).. 
ASSIGN/NORMALISATION 1239 
... 
followed by a background run (ie, whatever must be subtracted from the normalisation 
run. The background run may be considered to be a can run for the normalisation)... 
ASSIGN/BACKGROUND 1240 
then calculate their respective transmissions... 
TRANSMISSION/NORMALISATIONJMEASURE 1241. RAW 1237. ADD 
FIT W23 2.2 6.5 
17nMRMýý, SOON/BACKGROUND/MEASURE 1242. RAW 1237. ADD 
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FIT W24 2.2 6.5 
Assuming that the width and thickness of both the normalisation and background runs are correctly set (see Sections 12 & 13 if they are not), a fully normalised reduction may then be made using... 
CORRECT/SCNB W2 or CORRECT/FULL W2 
Should a full two-dimensional normalisation be required then the above CORRECT 
commands should be replaced by (but also see Section 19), say, ... 
CORRECT/SC W62 
CORRECT/NB W63 
AREAIARITHMETIC 
followed by, for example, ... 
64 0.0 1.0 62 63 
.. to do W64 = 0.0 x W64 + 1.0 x W62/W63 
APPENDIX 1 
Analysing Old Data 
(a) DATA COLLECTED WITH THE LETZ DETECTOR AND OLD BEAMSTOP (ONE WITH 
HOLES! ) 
This is data collected prior to ISIS Cycle 1 1990 - Run Numbers < 4493 
(1) Assign an empty beam run (ASS/MT {empty beam run number}) 
(2) Use an appropriate mask file (@MASKS: MASK89) 
(3) Use TRANSMISSION/CALCULATE (instead of TRANSMISSION/MEASURE) 
(b) DATA COLLECTED WITH THE LETI DETECTOR AND NEW BEAMSTOP 
This is data collected prior to ISIS Cycle 3 1991 - 4493 < Run Number < 9607 
(1) Use an appropriate mask file (@MASKS: MASK912) 
(2) Use the correct detector efficiency file: - 
MONITOR/DIRECT=LOQ$DISK[LOQMGR]BEAM_FUDGED. RKH 
NOTE 1: 
If you are changing detector types during the same COLETTE session you must clear all 
detector and time masks before reading a new mask file using... 
MASK/CLEAR 
MASKJTIME/CLEAR 
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NOTE 2: 
Old masks and masks generated for special purposes are stored in the directory LOQ$DUAO: [LOQMGR. MASKS] which has been equivalenced to the logical name MASKS: To find a mask file for a particular period type... 
DIR/DATE MASKS: 
... at a DCL prompt ($ or LOQ>). Do not under any circumstances delete, rename or edit any of the files in this directory. If you need help please contact an instrument scientist. 
APPENDIX 2 
Logging On At ISIS 
An increasing number of terminals at ISIS now connect to the PUNCH computer system via an 
EtherNet protocol called LAT (Local Area Transport). This includes terminals in the DAC and LOQ. 
These so-called "LAT terminals" will be routed through one of two types of terminal server; a 
Lantronix Server (which displays a Vista> prompt) or a DECserver (which displays a Local> prompt). 
* If logged out of a Lantronix 
[press return] 
Vista VCP-1 000 
Enter Username> mickey_mouse 
Vista> 
If logged out of a DECserver 
[press return twice] 
DECserver 90TL ... etc Enter Username> fred_flintstone 
Local> 
* To log onto the HUB (central computer) 
C ISISE <RETURN> 
* To log onto the LOQ FEM 
C LOQ <RETURN> 
* To view the Protons Per Pulse display 
C PPP <RETURN> 
(There are only a limited number of PPP connections so please do not "hog" them and always 
disconnect when you have finished. Thank you. ) 
To make an additional alternate connection (3 alternate connections are allowed) 
<BREAK> 
C [new nodename] 
* To clear a connection 
<BREAK> 
DISCO 
* To resume alternate connection number 1 
<BREAK> 
RES 1 
A plea! When you have finished your experiment and are analysing 
data in the DAC or back in 
your home institution, please DO NOT logon to the LOQ FEM either as 
LOQ or under your own 
username. Use the much more powerful ISIS HUB computer called 
ISISE instead. Otherwise 
.-u __ -..: r , or 
the current users (and for yourselves)! Thank you. 
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APPENDIX 3 
COLETTE Workspaces 
COLETTE has 67 workspaces for data. Most can be used without any restriction, although some are reserved for specific purposes. 
wi Normal (1 D) workspace 
W14 Normal (1 D) workspace 
W15 Graphics buffer RESERVED 
W16 Monitor spectrum versus wavelength for sample run RESERVED 
W17 Monitor spectrum versus wavelength for can run RESERVED 
W18 Monitor spectrum versus wavelength for normalisation run RESERVED 
W19 Monitor spectrum versus wavelength for background run RESERVED 
W20 Main detector efficiency versus wavelength RESERVED 
W21 Transmission versus wavelength for sample run RESERVED 
W22 Transmission versus wavelength for can run RESERVED 
W23 Transmission versus wavelength for normalisation run RESERVED 
W24 Transmission versus wavelength for background run RESERVED 
W25 Fitted transmission versus wavelength for assigned run RESERVED 
W26 Normal (1 D) workspace 
W60 Normal (1 D) workspace 
W61 2D workspace for use with CORRECT/AREA only 
W62 2D workspace for use with CORRECT/AREA only 
W63 2D workspace for use with CORRECT/AREA only 
W64 2D workspace for use with CORRECT/AREA only 
W65 Used by CORRECT/AREA (counts buffer) RESERVED 
W66 Used by CORRECT/AREA (solid angle buffer) RESERVED 
W67 2D graphics buffer RESERVED 
APPENDIX 4 
Absolute Intensities 
COLETTE reduces data in such a way that the scattered intensity (or, more formally, the scattering 
cross-section) you see displayed on the Y-axis has units of cm-1; ie, absolute dimensions. 
The data 
should also be on an absolute scale. However, to correct for small instrumental non-linearities, 
geometrical factors, repeatability of sample postioning, etc, it is in your own interests to run the 
LOG? 
Standard Sample. 
The LOQ Standard Sample is a solid blend of 19.8% w/w deuterated polystyrene dispersed 
in 
protonated polystyrene matrix. It was calibrated by Dr George D. 
Wignall at the Oak Ridge National 
' ''ý " 1990 and is a true secondary standard. 
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The correction procedure requires that you make 2 runs (for say 1M Counts each) at each instrument geometry that you use: 
1. a scattering run on the Standard Sample 
2. a scattering run on an empty sample position (ie, an EMPTY BEAM run) or on an empty 
cell (if the Standard Sample is placed in a cell; ie, between windows). 
Then reduce the data as follows... 
ASS/SA {standard sample scattering run} 
SIZE/THICK=1.27 (the thickness of the LOQ Standard Sample in mm) 
SIZE/WIDTH=x (where x is beam diameter in mm at the sample) 
TRANS/STANDARD 
ASS/CA {empty beam or cell run} 
SIZE/THICK=1.27 
SIZEIWIDTH=x 
then 
TR/CLEAR 
(for an empty beam run - resets the can transmission in W22 to unity all wavelengths) 
or 
TR/CAN/MEASURE {sample can transmission run} {direct beam run} 
(for an empty cell run) 
LIMIT/PHI -90 90 
LIMIT/Q 0.0065 0.25 
STEP/Q/LIN 0.002 
CO/SC Wn (where n is a workspace number) 
WRITE Wn TEMP: STANDARD. Q 
Now fit the I(Q) data to a Debye Gaussian coil model and determine l(Q=O) and the (z-average) 
radius of gyration, Rg. Both RKH's "FISH" program and SMK's "SANDRA" program will do this. 
To 
use SANDRA type... 
SANDRA 
... at a 
DCL prompt ($ or LOQ>) and then enter... 
1 
TEMP: STANDARD. Q 
1 
24 
1 
# REM 0.1 0.3 
# SET 
1 Intensity @ Q=0 : 350 
2 Z-average Rg : 50 
3 Background :1 
# GO 
Now check the quality of the fit... 
#PD 
#POF 
... and 
if you are satisfied with it then record the values of 
I(Q=0) and Rg. 
# KEEP 
#PR 
# KEEP 
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<RETURN> 
-1 
To plot the fit and the residuals on laser printer n... 
PLASERn SYS$SCRATCH: FRILLS. PS; -1 PLASERn SYS$SCRATCH: FRILLS. PS 
The expected values of I(Q=0) and Rg for the LOQ Standard are I(Q=0) -42.0 cm-1 and Rg -70.5 A. So, now scale the observed scattering from your samples (in say Wm) by the ratio that the observed standard scattering must be scaled by in order to bring the 1(0=0) values into agreement... 
QUIT 
» Wm =Wm x 42.0 / (measured I(Q=0)} 
» COL 
APPENDIX 5 
Special Versions of COLETTE or COLETTE Startups 
(a) TO GENERATE MICROSOFT WORD® COMPATIBLE GRAPHICS FILES 
Normally when you issue a PRINT command COLETTE creates a graphics file called 
DEC_POSTSCRIPT. DAT in your current directory and then queues it to the printer that you 
select. This is because the default hardcopy output language is PostScript. Although Microsoft 
Word can import PostScript files they tend to require a great deal of memory (for example, it 
would be stupid to try and import a COLETTE contour plot in PostScript - we've tried! ). 
If you want to import COLETTE graphs into Microsoft Word run... 
COL WORD 
... instead of 
COL or COL TEST. This will cause COLETTE to load the Hewlett Packard graphics 
driver for hardcopy operations and to create files called DEC_HP7475. DAT. COLETTE will still 
queue the file to print but the operation will fail. These files can be transferred to a PC and 
imported into Word using INSERT PICTURE. 
(b) TO RUN COLETTE THROUGH A PC USING KERMIT AS A TERMINAL EMULATOR 
Instead of running COLETTE using COL or COL TEST try COL KERMIT or type the following at 
a DGL prompt ($ or LOQ>)... 
SET COMMAND LOQ$DISK: [LOQMGR. COLETTE. XCOLETTE]XCOLETTE 
and then invoke COLETTE using... 
NEWCOLETTE/DEV=KERMIT/SCALE=1.0 (equivalent to COL) 
... or... 
ThS FUOLtirrJJÜF-V=KERMIT/SCALE=1.0 (equivalent to COL TEST) 
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(c) TO RUN COLETTE ON A VAX 4000 WORKSTATION (EG, SURF) 
SURF has a more recent version of the DECGKS graphics library and so some display aspects of COL and COL TEST may not work properly (eg, cursor commands, etc). Instead, run... 
COL SURF 
(d) RUNNING COLETTE OVER DECNET OR TELNET IN A DECWINDOWS ENVIRONMENT 
In order to redirect the graphical output to your workstation screen you will need to type... 
SET DISPLAY/CREATE/NODE={your node name; eg, SURF} 
... or... 
SET DISPLAY/CREATE/NODE=aaa. bbb. cc. d/TRANS PORT=TCPIP 
... where aaa. bbb. cc. d is your InterNet IP address (eg, ISISE is 130.246.84.3) 
(e) TO RUN COLETTE WITH A REGIS GRAPHICS EMULATOR 
Some commercial PC terminal emulation software uses REGIS escape codes when generating 
graphical displays. If you are using such software then invoke COLETTE using... 
COL VT 
APPENDIX 6 
Detector Coordinate Corrections 
When a neutron arrives at the main detector its time of arrival and position on the detector are noted 
by the electronics. But, because of the way in which all neutron detectors work, the position that is 
recorded is not the actual physical position at which the neutron arrived. In general the recorded 
position is out by a few mm. This discrepancy increases as you move out from the centre of the 
detector. This behaviour is known as "detector non-linearity". 
From October 1994, COLETTE now corrects for detector non-linearity Ly default, using a procedure 
devised by RKH. A more detailed description of both the problem and the correction procedure may 
be found in a handout available from RKH. Also see Appendix 8. 
To see if the detector coordinate correction is active, type... 
SHOW TRANS or SHOW MONITOR 
... and 
look at the second page of output (press <RETURN>) for.. 
"X coordinate correction is in use" 
"Y coordinate correction is in use" 
To deactivate the detector coordinate correction, type... 
SETIXCORIOFF or SETIXCOR/CLEAR 
SET/YCORiUFE= or 5ET/YCOR/CLEAR 
383 
APPENDIX 7 
Pixel by Pixel Detector Efficiency Corrections 
Because of the way in which all neutron area detectors are built and operated, the efficiency with which a neutron is detected varies from position to position (pixel to pixel). 
From October 1994 COLETTE now corrects for the detector eff iciency on a ixel by pixel basis by default, using a procedure devised by RKH. A more detailed description of both the problem and the correction procedure may be found in a handout available from RKH. 
To see if the detector coordinate correction is active, type... 
SHOW TRANS or SHOW MONITOR 
and look at the second page of output (press <RETURN>) for.. 
"Cell by cell normalisation is ON" 
To deactivate the pixel by pixel detector efficiency correction, type... 
MON/FLAT/OFF or MON/FLAT/CLEAR 
NOTE: 
This efficiency correction is completely separate from the "normal" wavelength-dependent detector 
efficiency correction which is always used, irrespective of whether this pixel by pixel efficiency 
correction is activated or not. 
APPENDIX 8 
Semi-automatic Determination of the Beam Centre Coordinates 
The apparent coordinates of the transmitted (or "through") beam on the main detector are 
periodically checked by the instrument scientists and entered in the mask file. If necessary, these 
coordinates may be changed with the command... 
SET CENTRE [X value in mm] [Y value in mm] 00 
Determining the beam centre coordinates is relatively straightforward but somewhat involved. To 
make things easier the procedure has now been semi-automated. The following description 
assumes that you have assigned a sample run and a can run, read in an appropriate mask 
file and 
calculated the relevant transmissions. Then type... 
FIT/MID 
WARNING! This command runs verv slowly on LOQ. 
It will also overwrite W31 W32, W33 and W34. 
... and watch what 
happens! If you are using a Tektronix-type terminal it will be necessary 
for you to 
º-nnccratijrn , aftQr each new plot is displayed. A more 
detailed description of this command can be 
agile from RKH. 
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IIAPPENDIX D 
SWISS-PROT Protein sequences from published articles and translations of 
coding regions from EMBL. Sponsors: Amos Bairoch, 
University of Geneva. 
OWL A meta-database of protein sequences whose entries are 
consolidated from eight source data-bases of protein sequences. 
These include NBRFIPIR, SWISS-PROT, GenBank, NBRF/PIR 
NEW, NEWAT86, PSD-Kyoto, NRL-3D, and Brookhaven PDB. 
OWL was set as a collaboration between Birkbeck College and 
University of Leeds. 
PDB Protein structures by direct submission from authors of 
crystallographic and NMR data to Brookhaven. 
EMBL Nucleic acid sequences from published articles and by direct 
submission from authors. Sponsor: European Molecular Biology 
Organization. 
NBRF/PIR Protein sequences from published articles. Sponsor: National 
Library of Medicine, NIH by grant to the National Biomedical 
Reasearch Foundation/Protein Identification Resource- 
RasMol A program for fast realistic rendering of molecular structures with 
shadows (Sayle and Bissell, 1992). 
COMPOSER A multi-program made up of 4 programs: MNYFIT, SEGALIGN, 
COMCOR and CMPALL. The program is used to predict the 
tertiary structure of proteins using the crystallographic 
co-ordinates of a homologous protein. 
MACAW Multiple Alignment Construction and Analysis Workbench. 
National Library of Medicine, NIH. USA. 
PROMOT A Fortran program to scan a newly determined sequence against 
the PROSITE library. 
PROSITE Describes over 500 motifs which specify a range of features, such 
as binding sites, enzyme active sites and structural 
folds. 
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COMPOSER 
INPUT PROGRAM OUTPUT 
CODE I . PDB CODE2. PDB 
MNYPIT. INP 
BLOCKFILE. DAT 
MODEL. SEQ 
MNYFIT 
FRAMEWORK. FRM 
MNYFIT. OUT 
MNYFIT. BIN 
BLOCKFILE. DAT 
ALIGN. OUT 
SEGALIGN BUILDCORE. INP 
----------------------------------------------------------------------------------------------------- 
CODE 1. PDB 
CODE2. PDB 
BUILDCORE. INP COMCOR MODEL-CORE. DAT 
NlNYFIT. BiN 
MODEL. SEQ 
MODEL. SEQ MODEL. DAT 
MODEL-CORE. DAT CMPALL CONTROL. LDG 
LOOP DATABASE 
"M NYFIT extracts common segments from structural alignment of basis structures. 
" FRAMEWORK is developed from this to allow for insertions/deletions. 
" COMCOR `clothes' framework with backbone and side-chains of unknown. 
" CMPALL builds loop structures between framework ends. It searches through 
previously calculated Ca-Cot distance tables for instances of structure segments with 
similar end-point separation. The structural fragments are each RMS-fitted to the 
framework ends with a 3+3 residue overlap. Candidate fragments are then ranked on 
sequence similarity, and goodness of fit. `Best' fragment is filtered 
for bad contact 
clashes with framework. First acceptable fragment is them moulded onto 
framework 
ends by `tweaking' procedure. Other constraints are applied e. g, 
distance for 
disulphides, allowing for cis-proline in loop etc. 
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Method used for Gliadin and deamidated gliadin structure determination. 
Protein sequence 
1 
Translate to amino acid codes 
Hydropathy plot 
Search database for Secondary structure 
Homologues prediction 
Examine hits 
in full 
Select and trim 
with editor 
Check references 
Consider species, 
cellular location, 
function, evolution, 
Biology, Protein 
type etc. 
Multiple 
alignment 
Seek Biochemical and 
Biophysical data: 
SANS, AFM, DSC, CD, UV, 
Hydrodynamic and hydropho- 
bicity studies. 
Motif search 
structure 
IDENTIFY 
FOLD 
ý. T 
Conserved 
' 
Secondary 
amino acids structural 
elements 
SURREY U13RAjý- 
N 
Nishikawa composition 
for supersecondary 
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